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ABSTRACT
The mechanic©! strength of two widely used types of glass-to~metal 
seals, 29/17/54 nickel-cobalt iron alloy with borosilicate glass and 
50/50 nickel-iron alloy with lead glass, have been examined® Controlled 
variations were made In the oxidation treatment of the alloy component 
prior to sealing and the time for which the seal was held at tempera­
ture following the glassing operation® These variations in the 
fabrication process were found to have a marked effect on the mechani­
cal strength and the results are reported®
The glass-metal interface of the seals were studied by electron 
microprobe and microscopic means® The structures observed are 
discussed in relation to the mechanical strength of the seals®
Whilst the results of this investigation are in general agreement 
with the limited amount of work published on this subject, some 
widely held theories on the mechanisms of adherence between glass and 
metal are found to be inadequate.
ACKNOWLEDGEMENTS
The author greatly appreciates the guidance given by Dr. B.L. Daniell, 
Dr. R.L. Samuel and Dr. N.A. Lockington throughout the investigation. 
Thanks are due to Professor L.W. Derry and Professor M.B. Waldron for 
providing research facilities. The author is deeply indebted to the 
Directors of Telcon Metals Ltd., in particular Dr. H.H. Scholefield and 
Dr. B.H.C. Waters, for their advice and encouragement, also for providing 
research facilities. The author wishes to express his thanks to Dr. P.O. 
Goodhew and Dr. R.M. Hinde for helpful discussions. The assistance of 
the laboratory staff of Telcon Metals Ltd. and the University of Surrey 
is gratefully acknowledged.
C O N T E N T S— — ---- — —---  Page
ABSTRACT 2
ACKNOWLEDGEMENTS 3
CONTENTS 4
INTRODUCTION 5
CHAPTER I PREVIOUS WORK
1® The development of nickel-iron based glass sealing alloys,... 9 
2o The oxidation of nickel-iron based allays....................13
3. Strain in glass-to-metal seals   .15
4, The mechanical strength of glass. .......................20
5. The mechanical strength of glass-to-metal seals..,...........22
6, Chemical reaction at the interface and
theoriss of adhesion.......................................25
CHAPTER 2 EXPERIMENTAL PROCEDURE
1. Materials used....               ..36
2. Thermal expansion measurements.   ....  ........38
3. Preparation and fabrication of the glass-to-metal
seal tensile specimens.  .....        40
4. Measurement of stresses in the glass-to-metal seals..........45
5. Preparation of micro specimens.  ........    ......48
6. Microscopical examination....................................49
7. X-ray diffraction examination.  ..........     ,...49
8. Electron-probs microanalysis.  .... .......................50
CHAPTER 3 RESULTS
1. Strength of the glass-to-metal bond as determined by the
tensile tests...........       ...51
2. Strength of the glass as determined by tensile tests.........71
3. Metallographic examination#..................    .73
4# X—ray a n a l y s i s . . . . . . . . . . o . . . . . . . . . .103
5. Electron microprobe analysis  ......   104
CHAPTER 4 DISCUSSION. CO. ...... ....... ......o..eo..o..ee..8eofl..e... 00.144
CHAPTER 5 INDUSTRIAL IMPLICATIONS......  ....   ....166
CHAPTER 6 CONCLUSIONS...co.*......e..co..o*o..*..«*........oo.oo.*....172
BIBLIOGRAPHY . a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
- 4
INTRODUCTION
The rapid expansion of the electronics and vacuum device industries in 
the last two decades has greatly emphasised the importance of glass-to- 
metal seals. Much of the research in this sphere has been devoted to the 
development of a wide range of alloys and glasses in order that a glass 
and a metal can be selected to form a strong vacuum tight seal and at the 
same time satisfy the particular physical requirements of the device 
incorporating the seal. There are a number of methods of sealing metals 
to glasses and these can be divided broadly into two main groups, matched 
and unmatched seals, depending how similar are the expansion characteris­
tics af the combination being sealed. Differential contraction between 
glass and metal following the fusion at high temperature, tends to induce 
strains in both glass and metal* A large difference in expansion 
characteristics between metal and glass bonded by sealing may cause the 
glass, being the weaker and brittle component, to crack when cooled to 
room temperature* At high temperature th@ glass can release stress by 
viscous flow,but as cooling proceeds the rate of stress release becomes 
negligible. It is not possible to define for a glass an exact tempera­
ture above which strains cannot be introduced and below which strains 
cannot be relieved by viscous flow* The temperature range over which 
the expansions af the ^ ass and metal should match in order to achieve 
acceptable strain levels is therefore difficult to define precisely*
The amount of strain produced in the seal will also depend an the rate 
of cooling or subsequent heat treatment at temperature within the 
annealing range of the glass.
With matched seals the expansion characteristics of the glass and 
metal are chosen such that a practically strain free seal is obtained.
^ 5 *
The strength of glass in tension is very low so that it is normally 
desirable for metal to have a somewhat higher mean expansivity than the 
glass. Most glasses used for sealing to metals have expansion 
coefficients ranging between 3 x 10*^/°C for the hard borosilicate 
glasses and 9 x 10~^/°C for the soda lime and lead glasses. Tungsten, 
molybdenum and platinum have suitable expansion coefficients, 4.4 x 10  ^
/°C, 5.5 X 10"^/°C and 9.4 x 10~^/°C respectively, for sealing to these 
glasses and were originally the main metals used® Due to their expense 
and also in the case of tungsten and molybdenum, difficulty of 
fabrication, substitutes were sought. At the present time, most of the 
glass sealing metals used are nickel-iron alloys or nickel-iron based 
alloys with the addition of cobalt or chromium.
With unmatched seals, various techniques have been developed to over­
come the difference in thermal expansion between the glass and metal.
One such method known as a 'graded' or 'cascade' seal uses glasses of 
progressively differing expansions to bridge the gap in expansion 
coefficient between the original glass and metal. The difference in 
expansion between adjacent glasses and thus the number of different 
glasses required, will depend on the residual strain which can be 
tolerated in the finished seal® Another widely employed method of 
sealing non-matching metals and glasses, if the seal can be so designed, 
is to use a ductile metal such as copper in a thin section so that the 
strains which arise due to mismatching are taken up by plastic deform­
ation of the metal. This type of seal is normally termed a "Housekeeper 
Seal" after its originator W.C. Housekeeper, Copper and nickel-iron 
based alloys are most commonly used in the production of this type of 
seal.
Apart from the groups described, the only other type of seal of great 
importance is the soldered seal® This type of seal is fabricated by 
first metallising the glass and then soft soldering this metal coating 
to the metal component of the seal* A big disadvantage of this type of 
seal is that it is limited to applications where high temperatures will 
not be encountered*
The mechanical strength of glass in the normal forms of supply is very 
much lower than that of metals* Investigations aimed at improving the 
strength of glass-to-metal seals have therefore bean mainly concerned 
with seal design or achieving perfect expansion matching in order to 
reduce sealing strains and thus minimise the risk of fracture of the 
glass. However, even with strain free or compression seals, the 
mechanical strength of glass-to-metal seals can be very poor if only 
weak adhesion is achieved between the glass and metal. Little detail 
has been published, regarding the mechanism of the adhesion. The usual 
technique for the fabrication of matched glass-to-metal seals entails 
cleaning the metal, oxidising it to improve the wettability and sealing 
it to the glass at a temperature high enough to make the glass 
sufficiently fluid. Consequently with seals made in this manner 
success is very dependent on the skill of the operator, he must decide 
how much the metal should be oxidised and how long the seal should be 
heated once the joint has been made.
There is a lack of understanding regarding the adherence between 
glass and metal which is a direct consequence of the number of 
variables associated with the sealing process. Many factors contribute 
to bond formation in a glass-to-metal seal. These include chemical
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interactions between the metal or metal oxide and the glass, diffusion 
across the metal-glass interface and mechanical interlocking at the 
interface due to microscopic surface roughness® The extent to which 
any one of these mechanisms predominates depends on the characteristics 
of the joint materials and the process variables® The basis of the 
work for this thesis has been a search for a better understanding of 
the manner in which both of these factors can affect the mechanical 
strength of glass-to-metal seals®
The effects of controlled variations in the sealing operation on the 
mechanical strength of twd glass-to-metal seal types widely used in 
industry were examined, namely 29/17/54 nickel-cobalt-iron alloy 
(Telcoseal I, Kovar, Fernico, IMilo K ) to borosilicate glass and 50/50 
nickel-iron alloy (Telcoseal 6, Nilo 50) to lead glass® The nickel-iron 
alloy seals are mechanically weak compared with the iron-nickel-cobalt 
alloy seals* This poor strength has been attributed by previous 
workers either to poor adhesion between the alloy and its oxide or to 
a chemical reaction at the interface involving the lead oxide in the 
glass* To assist an examination of these suggestions, seals produced 
with the 50/50 nickel-iron alloy and a matching lead-free soda glass 
were also investigated®
*• B *»
CHAPTER I 
PREVIOUS WORK
Apart from the strength of glass the two main factors controlling ths 
strength of matched glass-to-metal seals are adhesion and strain#
Strains can be avoided if, and only if, the thermal expansion of the 
metal and glass, over the appropriate temperature range, are the same# 
The major portion of this present investigation is concerned with 
adhesion and the mechanical strength of the seal# Before attempting an 
analysis and correlation of the results of the present investigation it 
is desirable to summarise the previous work with particular regard to 
the nickel-iron based alloys.
1# THE DEVELOPMENT OF NICKEL-IRON BASED GLASS SEALING ALLOYS
Guillaumewas the first investigator to highlight the low 
expansion characteristics of the nickel-iron alloys and gave the namg 
Invar to the alloy of approximately 36% nickel, the composition at which 
the coefficient of expansion at room temperature passes through a 
minimum. (Fig.l)
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Fig.l, Variation with composition of the coefficient/of expansion at 20°C of nickel-iron alloys, (After Guillaume'Ij)
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(2)These characteristics were confirmed by Chevenard and he reported 
that the low expansion characteristics existed only over a limited 
temperature range* (Fig.2)
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Fig.2o The thermal expansion of some nickel«»iron alloys
(after Chevenard '
(3)At the time that Scott ' reported the effect on the expansion oharac» 
teristics of adding cobalt to nickel-iron alloys in the Invar range, 
molybdenum and tungsten were the only metals available with low enough 
coefficients of expansion suitable for sealing to the hard borosilicate 
glasses* Owing to the expense and difficulty of fabrication of these 
metals, workers in this field were seeking suitable alternatives* The
10.
temperature i?ange for low expansion in the nickel-iron alloys had been 
found not to correspond with the annealing range in glass until about 
48^ nickel was present. The expansion coefficient of alloys of this 
composition were only suitable for matching the high expansion soft 
glasses i.e. expansion coefficient of the order 10 x 10 ^/°Co Scott^^^ 
reported that the addition of cobalt to the nickel-iron alloys lowered 
the expansivity for a given inflection temperature and raised the 
inflection temperature for a given expansivity. (Fig.3)
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Fig.3. Thermal expansion of some nickel-cobalt-iron alloys.
(After Scott^^J)
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Following this work both Hull and Burger^^^and Scott^^^ reported success 
in producing strain-free seals between the nickel-cobalt-iron alloys 
(Fernico 20/18/54 and Kovar 29/17/54) and low expansion borosilicate 
glasses, with expansion coefficients of approximately 5 x 10"^/°C.
An important feature mentioned was the fact that the increase in 
expansion of the alloy at the Curie point coincided with the increase 
in expansion of glass as the softening point was approached. Such close 
expansion match had not been achieved with pure metals, their expansion 
characteristics being nearly linear. The effects of annealing on the 
strain content of the seal together with the relationship between the 
composition and the structural transformation in the ternary
alloy were also reported.
12.
2, THE OXIDATION OF NICKEL-IRON BASED ALLOYS
In the production of glass-to-metal seals the preheating of the metal 
component is normally carried out in air and under these circumstances 
an oxide film will separate glass from metal at the fusion stage. 
Experience has shown that this oxide film is a desirable feature rather 
than an incidental feature in the sealing process, A survey of reports 
of workers,on the composition of the oxide films they found on the type 
of alloys used in this investigation,has been made.
Hickman and Gulbransen^^^investigated with electron diffraction the 
oxides formed on both the alloy compositions used in this investigation 
up to 70Q°Co The diffraction patterns were interpreted as showing the 
oxide film to be composed of magnetite in the case of a 29/17/54 nickel- 
cobalt-iron alloy and magnetite with some hematite in the case of a 
50/50 nickel-iron alloy®
(7)Pask reported that the oxide layer obtained on nickel-cobalt-iron alloy, 
Kovar, was mainly magnetite and that excellent adherence to glass was 
obtained with an oxidation weight gain of about 0,0003 to 0,0007 gms® 
per sq® cm®
Koh and CaughertÇ^^used X-rays to study the oxide layer formed on an 
alloy of. 50/50 nickel-iron, A spinel of lattice parameter 8*36 A° was 
identified along with weak lines for hematite,
(g)Foley, Druck and Fryxell * studied the reaction products of high 
temperature (600 - 900°C) oxidation of a 42^ nickel-iron alloy by means 
of metallographic and electron diffraction techniques and also by 
chemical analysis after stripping. The electron diffraction analysis
13
yielded evidence of a spinel of lattice parameter 8«33A° and hematite.
A high concentration of nickel in the oxide was found in chemical 
analysis of the stripped film. They interpreted the results to mean 
the oxide possessed a two-phase structure consisting of nickel ferrite 
(next to the alloy) and hematite. Differences in activation energies 
and oxidation rates were explained on the basis of diffusion through 
ferrite structures of a varying percentage of nickel.
Foley and Guare^^^^examined the oxidation of 30^ and 41^ nickel-iron 
alloys over the temperature range 500°C 100G°C and showed that the
reaction rates, and the apparent energies of activation, were consist­
ent with a rate-determining process of cation diffusion through a
spinel structure Ni Fe„X 3-x 4
Abendroth studied the oxidation of a 29/17/54 nickel-cobalt-iron 
alloy by X-ray diffraction and interpreted the lattice parameter of 
8.40 A° he obtained to indicate the oxide consisted predominately of 
magnetite rather than cobalt or nickel ferrite. When the alloy was 
cooled in air hematite was also detected in the oxide.
(12)Wulf, Carter and Wallwork ■ studied the oxidation behaviour of a 
wide range of nickel-iron alloys. They reported that for alloys 
containing 35-80% nickel the scale consists mainly of nickel rich iron- 
nickel spinel with an inner layer of nickel oxide containing iron and 
an outer layer of hematite.
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3, STRAIN IN GLASS-TO-METAL SEALS
Before proceeding with this section some terms commonly used to
describe certain physical conditions of glass will be defined.
Strain points- The temperature at which internal stress is relieved in
14 5about 4 hours and corresponds to a viscosity of 10 * poises®
Annealing point:- The temperature at which internal stress is relieved
13in a matter of minutes and corresponds to a viscosity of 10 poises.
Softening points- The temperature at which a uniform fibre 0«75mm in
diameter and 23.5cm in length elongates under its own weight at a rate
7 6of 1mm per minute, and corresponds to a viscosity of 10 * poises® At 
the softening point the glass deforms very rapidly and starts to adhere 
to other bodies.
Working points The temperature where the glass is soft enough for hot- 
working by most of the common methods® Viscosity at the working point 
is 10^ poises.
In the fabrication of seals the glass is sealed to the metal at a 
temperature considerably above the annealing point. On cooling the 
glass is sufficiently fluid initially to release any stress induced by 
differential contraction between glass and metal. However below the 
annealing point the rate of stress relief is not sufficient, even with 
slow cooling rates, to prevent a build up of stress in the seal at room 
temperature if any differential contraction between glass and metal does 
occur. Such a differential contraction can occur if a temperature 
gradient arises in the seal when cooling through the annealing range and/ 
or the expansion curves of the glass and metal do not coincide between 
room temperature and the annealing point. Most pure metals possess a
15
nearly straight line expansion curve whereas the expansion curve of 
glass is non linear. The transformation point in the expansion curve 
of glass occurs at a temperature lower than the lowest annealing temper­
ature so that it is impossible to match the glass expansion over the 
range of temperature from the annealing point to room temperature with 
the straight line expansion of pure metals. (Fig,4). The best comprom­
ise is to find combinations of glass and metal that have a similar 
expansion between room temperature and the annealing temperature of the 
glass.
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Fig.4 The thermal expansion of Molybdenum and G.E.C.
H.Hj borosilicate glass.
The expansion curve of the nickel-iron based alloys however are non­
linear (see figure 3) like that of glasses thus allowing the possibility 
of identically matching curves from room temperature to the annealing
16
temperature^ The non linearity is associated with ferromagnetism, the 
expansion being ..low^ in the temperature range in which the alloy is 
ferromagnetic and increasing at the Curie temperature when the ferro­
magnetism disappears* Thp increase in the expansion results from a 
change in the volume magnetostriction with temperature and is super­
imposed upon the normal thermal expansion»
The stresses resulting from differential contraction of glass and 
metal in a seal can be divided into components along the axial, 
circumferential and radial directions (see figure 5)»
L o n g itu d in a l.
{a) H o t,
R a d ia l.
(b) C o ld ;  i f  (c) G o ld :
speciin en a  w ere fr e e  sp ec im en s  jo in e d ,
to contract.
(d) H o t.
Radialtension.
C ircu m feren tia l.
(e) C old  : i f  sp ec im en s (/) C old : 
w ere fr e e  to co?itract. spec im en s jo in e d .
Compression,
Tension
(fir) C o ld ;  sp ec im en s  
jo in e d .G lass. M e ta l.
Fig.5 Diagrammatic Representation of Stress in Glass Due to
Differential Contraction of Glass and Metal, Expansion of 
Metal higher than that of Glass, (After Partridge'^^').
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If the expansion of the metal is greater than the glass, then the 
glass will be in compression in the axial and circumferential directions, 
in tension in the radial directions and vice-versa if the expansion of 
glass is greater than the metal. The maximum and therefore most serious 
stresses are at the glass-metal boundary. In practice a slight 
compressive axial stress in the seal is sought, as glass is weak in 
tension* The compressive stress must not be too severe or cracking of 
the glass may occur as a consequence of excessive radial tension. The 
generally accepted maximum safe level for compressive axial stress is
1.5 X 10 Ibs/sq.in, The state of strain in the axial direction can 
be examined by making use of the fact that stressed glass becomes 
anistropic with respect to light. With polarised light the extraordin­
ary ray travels faster than the ordinary ray when the glass is in 
compression and vice versa when the glass is in tension. A detailed 
description of the measurement and apparatus is provided later.
The viscosity of glass varies continuously with temperature and it is 
therefore not possible to define a temperature above which stress cannot 
be introduced and below which it is not relieved by viscous flow. With 
slow cooling, glass continues to flow for a long time after passing the 
annealing point. The final stress in a seal can therefore be seriously 
affected by heat treatment or cooling rate below the annealing point. 
Seals made with glass and metal which have closely matched expansion 
curves are obviously less affected by the cooling conditions than those 
which differ markedly in their expansion characteristics. In practice 
cooling rates between l°C/minute and 5°C/minute are normally employed.
18
reported that if iron-nickel-cobalt alloy to borosilicate 
glass seals are maintained in the temperature range 300-450°C (as may 
occur during the out-gassing of components) simultaneous contraction of 
the glass and expansion of the alloy with time at constant temperature, 
due to stabilisation factors, result in the growth of tensile stresses 
within the glass. Such stresses can reach a dangerous level within a 
few days and seal fracture is most likely to result at the stress 
maximum occurring at 200°C during a cooling cycle. At temperatures 
above 420°C, although the glass contraction rate increases, stress 
relaxation in the glass can occur at the same or greater rate than the 
stress increase. The use of higher temperatures than 450°C for baking 
is limited however by the deformation of the glass under load.
19
4. THE MECHANICAL STRENGTH OF GLASS
The fracture of glass is an extremely complex topic which has been studied 
by many workers and only some of the investigations particularly relevant to 
this work are considered.
Glass is a brittle material and at room temperature does not deform 
plastically before failure. The tensile strength of "off the shelf" glass
3varies enormously from sample to sample of a batch and a range of 1-20 x 10
2 (15)lbs/in has been reported.
There is general agreement amongst workers that surface flaws are the
major cause of this variability of strength, Fisher and Hollomanhave
calculated that glass usually contains about 1,000 cracks per sq.cm, of
surface area. Whilst the composition of glass has no practical effect on
its tensile strength,some glasses have a greater resistance to scratching
and therefore usually have better mechanical properties in service. Apart
from those flaws arising from mechanical damage,little is known about the
ways in which these flaws are formed. Many workers have demonstrated that
the tensile strength of glass can be dramatically increased by etching out
surface defects with hydrofluoric acid. An increase in tensile strength
from 20 x lO^lbs/sq,in. to 5 x lO^lbs/sq.in, has been achieved in this manner
Heat treatment of "off the shelf" glass is reported to have little effect
(15)on the mechanical strength. The duration of loading however has been
found to have a profound effect on the bending strength of glass, being 
stronger, under momentary leading than under prolonged stress, Preston^^^^ 
found a rapid decrease in bending strength up to a minute or so and a slow 
decrease with still longer durations of loading.
20
When a cylindrical glass rod is broken by means of an axial tensile 
load tha fracture is usually of the form shown in figure 6»
Fig® 6« Diagrammatic represent­
ation of the fracture 
surface of a glass rod 
(After Proctor^®)
M irrorHackle
M ist
The break commences at right angles to the tension at the edge of 
the mirror region and continues in the same direction at least part 
way across, how far across depending upon the condition of the surface 
of the rod before fracture. Roughening of the fracture face starts in 
the mist region and eventually develops into the very rough hackle area. 
Here the crack often divides completely, throwing a small chip out of 
the rod. If the rod is scored before fracture, such as in glass 
cutting, the mirror region generally continues right across the 
diameter.
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5. THE MECHANICAL STRENGTH OF ÜLASS-TO-METAL SEALS
Hull; Burger and Navias^^^^investigated tha-strength of various
glass-to-metal seal combinations* They reported tensile strengths of 
24.4 and 6,0 kg/mm for the 26^ chromium iron alloy with lead and lima
2 2 glasses, also 1*14 to 3,3 kg/mm (average 1,45 kg/mm ) for the nickel-
cobalt-iron Kovar alloy/borosilicate glass combination. In the case of
the latter, of the 28 seals tested all but seven fractured in the glass
away from the seal indicating that in these cases the values obtained
were not the bond strengths but the weaker glass strengths. For the
seven which broke wholly or partially at the glass-metal interface,
2the average strength reported was 2,23 kg/mm ,
(13)Partridge * reported the results of measurements mads,to . 
determine the mechanical strength of several glass/metal seal combina­
tions. (Table I). While the results obtained were very variable certain 
combinations of glass and metal appeared to be stronger than others.
The strongest joints were those in which silver, Kovar type alloys and 
copper plated nickel-iron alloy were sealed to their appropriate glasses. 
Wo explanation was offered for the variability except that the weak 
nickel-iron seals generally failed at the oxide/metal boundary and an 
increase in strength in the molybdenum glass seal was recorded when 
steps were taken to prevent formation of a visible film of oxide.
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TABLE 1 THE STRENGTH OF GLASS-TO-METAL SEALS DETERMINED 
FROM BEND TESTS
strain at Fracture x  10~*. Mean Stress at Fracture.
Glass-to-Metal Seal. (kg./cm.*).
G.E.C. Glass -^-----------
A Glass-
Metal. Alone (Mean) Individual Glass MetalGlass. (Mean). Value. Results. Alone. Seal.Tungsten W l* 1*07 (range 0-76 0-87, 0 68, 0 67, 830 610
Molybdenum 0-73—1-22) 0-78 , 0 76, 0 81117 (range 0-78 0-70, 0 72, 1«06, 960 6250 98—1 34) 0-47, 0 47, 0 67Molybdenum (oxide HH 1-16 1-33, 1 62, 1 09, 930free) 0-750/50 Nickel-iron L1+ 0 91 (range 0-68 0 69, 0 82, 0-24, 730 4600 6—1 26) 0-37 , 0 30, 1 0550/60 Nickel-iron LI 107 1 0 , 1 22, 0 76, 860(copper-plated) 1-24, 0 98, 1 23Copper LI 0 8 0 78, 0 87, 0-76, 640
Silver 0-90, 0 46, 1 05LI ,, 116 1 24, 1 24, 1 30, 9301*17,1  24,0 7926% Ohromlum-iron LI 0-74 0-55, 0 82, 0 94, 660alloy 0-78 0 796% Nickel-iron- LI 0-96 0 87, 0 83, 0 97, 770chromium alloy PCX* 0 90, 1'30, 0-85Kovar alloy 10 (range M 2 101, 129, M 3, 800 9000 66—1 35) 1-20, 1 46, 0 66
Fracture, Type. 
Mainly at ozide-metal boundary.In glai^ near joint.
Mainly 'at oxide-metal boundary.In glass near joint.
Generally in glass near joint.In glass near joint.
Mainly in glass near joint.
(After Partridge^^^))
* Borosilicate 
+ Lead
Davis reported an improvement in the strength of a number of
different glass to metal combinations, characterised by indifferent 
or condition-sensitive adherence between metal and metal oxide, with 
the provision of a high chromium concentration skin on the metal, 
the chromium rich skin was introduced either by chromium plating 
followed by a diffusion treatment at IQOO^C or by box chromising.
In particular the technique was developed to improve the adherence 
between 50/50 nickel-iron alloy and lead glass which normally
23 -
Fractures between metal and metal oxide revealing bright metal at the 
fracture. Qualitative bond testa and vice-crush tests were carried 
out on the modified seals and marked improvement in adherence was 
reported; fracture occurring in the glass. Similar success was re­
ported with other metal/glass combinations, together with the fact 
that the attainment of good seals was surprisingly insensitive to 
conditions of oxidation, i.e, time and temperature.
The "vioe^crush" technique is one which has been commonly employed 
to obtain a qualitative assessment of the mechanical strength of 
glass-to-metal seals. The seal is crushed in a vice and an examina­
tion made of the fragments to determine the weakest member of the 
bond. Failure in the glass leaving a layer of oxide and glass on the 
metal is considered to demonstrate good mechanical strength,whilst 
failure at the metal/glass interface is considered to demonstrate 
poor adherence.
24 -
6. CHEMICAL REACTION AT THE INTERFACE AMP THEORIES OF ADHESION
f 21)Scott discussing the nature of the glass/oxide/metal junction 
pointed out that the heat of sealing may be sufficient to permit 
chemical reaction between the glass and metal,or its oxide,and may 
even cause the dissociation of the oxide itself. He proposed that the 
oxide may diffuse into or dissolve in the glass, either partially or 
completely depending on the heating time and temperature, thereby 
changing the composition of the glass adjacent to the metal. It was 
suggested that this may be responsible for the various characteristic 
seal colours observed,
(13)Partridge* 'reviewed the mechanism of adhesion between glass and 
metal in seals and proposed that the many hypotheses advanced, 
including those for the fusion of enamel to iron, could be placed in 
four main dategories/
The first category "Gripping or Adhesion by Mechanical Force" 
proposed that adhesion occurred by the glass or enamel surrounding 
minute projections of metal, filling cavities in the metal surface 
and thus adhering to it by a mechanical locking action.
The second category "the Dentritic Hypothesis", put forward as a 
suggested explanation of the enamelling of iron,proposed that molten 
enamel dissolved the iron oxide formed on the iron during the heating 
period and then precipitated tiny dendrites of oC -iron which grew 
from the base and served to lock the enamel to it.
The third hypothesis, "the Electrolytic Hypothesis", assumed that 
metals higher in the electro-chemical series of elements displaced
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metals lower down from solution in molten glass as they do in aqueous 
solution and was one explanation put forward for the improvement in 
adhesion achieved by the addition of cobalt to vitreous enamel. The 
cobalt is displaced by solution of iron and is then precipitated on 
the base metal in the form of dendrites. These dendrites then serve 
to bond the enamel to the iron mechanically in the same manner as the 
dendrites of -iron described above.
The fourth hypothesis, "the Oxide-Layer Hypothesis", proposed 
that a thin oxide layer adhering strongly to both the metal and glass 
or enamel is necessary for a sound joint. In the case of the enamell­
ing of iron it was suggested that the oxide, formed during the heating 
period,is dissolved in the molten enamel until the latter comes into 
contact with metallic iron. Water vapour, carbon dioxide and oxygen 
dissolved in the enamel then begin to oxidise the iron surface so that 
a thin film of ferrous oxide exists between the metal and enamel. At 
this stage the enamelling is complete and the article is withdrawn 
from the furnace. If however, heating is continued beyond this point, 
oxidation and solution of oxide continue until the enamel becomes 
saturated with ferrous oxide and oxidation to magnetite begins. 
Magnetite, being less soluble in molten enamel than ferrous oxide, is 
finally precipitated and may grow into crystals of considerable size. 
It was suggested that strains due to difference in expansion between 
such crystals and the enamel could be responsible for the minute
cracks which frequently occur. In the case of glass-to-metal seals,
(13)Partridge 'studied this hypothesis in detail, particularly factors 
influencing the adhesion between metal and the oxide such as compatib­
ility as regards lattice parameter, expansion coefficient and crystal
- 26 -
structure. He suggested the presence of magnetite at the junction 
may be responsible for the relatively poor mechanical strength of seals 
employing 50/50 nickel-iron alloy due to the considerable difference 
in coefficient of expansion between magnetite and 50/50 nickel-iron 
metal, also the matching glass. With the 29/17/54 nickel-cobalt-iron 
alloy/borosilicate glass seal however,where magnetite is also reported 
to be present at the junction, the expansion coefficient of the latter 
was stated to be very similar to that of the metal and glass. (Table 2), 
In the case of the bond between glass and the oxide layer it was 
suggested that with both materials being ionic in structure, a gradual 
change in structure occurs, ions of the sealing metal displacing 
silicon,
TABLE 2 PHYSICAL PROPERTIES OF SOME METALS AMD THEIR OXIDES USED 
FOR SEALING TO GLASS
Properties o f M etals and their Oxides U sed fo r  Sealin g to O tass. 
Thn Ki'iiling Motal.
Tungnton
Thcntm l .Melting ExpiiiiHloii
i’oitit, (a X II)*).
T(io Oxitio on Motnl P rio r to  M nking QInRS-to-Motal Soalü.
Molybdenum 2000 5 0
NickelIron 14021030 14 0 131
Chromium
1)0/00 Niekol-iron alloy 1830— 1020 n o
20%  Chrom ium -iron alley - 10 2
Chroinium-iiickel-iron alloy («%  Cr, 42%  Nl, 02%  Fo)
- 8 0
K ovar typo alloy 
Copi>At 1083
4 0 
17 8
Com position.
W O,W O ,w,o„Sodium  tunga ta to
MoO,MoO,NiOl'e,0,
C r.O ,M ainly F e ,0 ,  b u t phase o f m ngnotito stn ic tiiro  prosont contain ing  
nickel oxide (i.e., K eO .Fo,0 , +  N iO .F o ,0 ,).M ixture o f chrom ic and  ferric oxides (C r.O , +  F o ,0 ,) .
Complex spinel phaso 
containing FeO .Fo.O ,-1-N iO .F o ,0 ,+NiO .Cr.O,:Iro n  oxide— F e ,0 ,.
-  B lack cupric oxide, CuD 1820 Bod cuprous oxido. C u ,0  1235
M olting T herm al K xpanaion 'Po in t. (a X IIP).
1475° 10 8
N egative to  300°
— 18 7
700 8 3
8 N egative to  240°2000 15 61565 10 05 45 1
1090 8 2
- 8 2 to  10 0 o r 5 4 to  10 0, depend- ing  on com- 
position.
5 4 to  8 2, depend ­ing  on com position.
5 4
10-02 5
T he Oxido in  th e  Glass 
Seal.
C om position.
W 0 „  W O , o r in te r ­m ed ia te  oxides such  as 
W ith  some glosses, tu ngsten  bronze 
K ojW O , form ed.
MoO,
M ainly F e ,0 , .
S im ilar to  th a t  on  m e ta l in  greenish coloured seals, b u t  in  case o f 
brow n seals, F o ,0 ,  takes placo o f  F o ,0 , .M ainly F o ,0 ,  -f- 0 , 0 , .
M ainly F e ,0 ,  (none d e ­tooted o n  b r ig h t m etallic seals).C u ,0
(After Partridge 
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(13)
Many workers have studied the subject of the nature of adherence 
in relation to the enamelling of iron and the various theories 
proposed have already been discussed. Some of these investigations 
are relevant to this work, particularly those relating to the improve­
ment in the adherence of enamel coating to iron when cobalt or nickel
oxide, termed adherence oxides, are added to the enamel* King, Tripp 
(22)and Duckworth 'examined the galvanic corrosion theory proposed by 
(23)Dietzel' which suggested that mechanical bonding is responsible for 
the improved adherence obtained with such enamels. It was proposed 
that cobalt (or nickel) precipitated from the glass in contact with 
the iron base, forms a short-circuited local cell in which iron is 
the anode. Current flows from the iron through the glass to the 
cobalt and back to iron* These local cells are not exhausted during 
firing because there is an abundance of anodic Iron and diffusing 
atmospheric oxygen has a depolarising action on the cathode side.
The result is that the iron goes continuously into solution, the 
surface becomes roughened, and the glass anchors itself into the holes 
giving rise to mechanical adherence* The suggested galvanic action 
is shown in figure 7. The reactions that would be required to support 
such a system are as follows for a cobalt-containing enamel.
Fe -h CoO HI* FeO + Co
2 Co + Og -4* 2 Co^+ + 2 0^“
_ 2 *{~ * — _Co +2e —> Co
Fe »2e —•> Fe
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Fig.7 Schematio-xerpresentation 
of a possible reaction 
between iron and a cobalt
containing enamel. (After Dietzel ')
(23)Dietzel' 'recognised the probability of the reaction 2 FeO + CoO->
FSgOg + Co between the iron oxide from the scale and cobalt oxide
in the enamel but claimed this reaction had no relation to adherence. 
(22)King examined the attack on iron by enamels captaining cobalt
oxide or nickel oxide. The enamels were fired(l) in air on electro-
polished iron, (2) in argon on electropolished iron, (3) in argon on
electropolished iron preoxidised by heating in air for 2 minutes at
875°C, They found that the cobalt or nickel oxides were almost
totally ineffective for surface roughening in the absence of atmospher
ic oxygen or iron oxide. A highly irregular interface was obtained
with the preoxidised iron samples fired in an argon atmosphere.
These specimens exhibited a much rougher surface than did those
which were not preoxidised, but fired in air. This was in disagree- 
(23)ment with Dietzel who claimed that the oxygen required to maintain 
galvanic action was that which penetrated the fused enamel from the 
atmosphere after solution of the scale and that the reaction between 
FeO in the scale and CoO did not participate in the development of 
roughness. Although little difference in the degree of roughness was 
obtained between enamels containing cobalt oxide and nickel oxide, 
the nickel precipitate had less tendency to form massive dendrites 
qnd was precipitated to a greater extent throughout the glass. This 
was probably due to nickel oxide being more easily reduced by wustite 
than is cobalt oxide. They found that poor adherence was possible
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although the metal dendrites were present at the Interface. This was 
in conflict with the theory which proposed that these dendrites were 
responsible for adherence.
A systematic study of the mechanism of adherence of glass to metal
(22)was carried out by King, Tupp and Duckworth 'also by Pask and co- 
workers^^^ 31)^ Their approach was very similar and a first step was 
to examine the wetting of metals by glass. A liquid and solid will 
form an interfacial bond if the resultant energy of the system is 
lower than the sum of the surface energies of the two phases. A 
negative change in the energy of the systemjàFjis required
= M  ^G "  ^V * G
where j^F^ is the metal-glass interfacial energy
pqFy is the metal-vapour interfacial energy 
gFy is the glaas-vapour interfacial energy
Contact-anglemeasurements can be interpreted on the basis of Young's 
equation,
For spuilibriu.
where
M ^  G is the surface tension at the metal-glass interface
M ^ V is the surface tension at the metal-vapour interface
G ^ V is the surface tension at the glass-vapour interface
representing the equilibrium condition of the horizontal components
of the forces acting at the three phase contact (Fig.8).
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VAPOURLIQUID
GLASS
^ V
METAL
Fig*8 Interfacial forces acting on a glass drop on a metal surface*
In most cases interfacial tensions are equal to interfacial energies 
F*
Thus
^  F (|V|X IE? “ (|V)^  V G ^  V^
and the more acute 0 the stronger the interfacial bond. If the 
energy of the system is not lowered,an interfacial bond is not formed, 
the surface tension of the glass tends to reduce the surface to a 
minimum and essentially a spherical drop sits on the metal, A 
contact angle of 180°results, The angle 0 was measured for a range 
of metals and glass under varying environments. The results obtained 
with iron 'by/ both sets of workers is of particular interest,
Pask et al^^®^obtained a contact angle 0 of 55° with sodium silicate 
glass on a clean pure iron surface under vacuum. The adherence of 
the glass beads at room temperature was found to be poor. When the 
iron surface was oxidised to give a 5p film, mainly FeO, a contact
angle of 24° was measured and the adherence of the glass was found
to be fairly good. As the glass dissolved the oxide and contacted
clean metal, the angle rose again to 55°. This sequence took about
15 minutes at 9G0°C, The adherence of the glass at room temperature 
was now again found to be poor. These w orkersthen  examined the
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effect of adding iron to the glass* They found the contact angle in 
vacuum decreased exponentially from 55° to 22° as the iron concentra­
tion in the glass was increased from zero to 44,4 mole % Fe, the 
saturation content. The adherence was found to vary similarly,
ranging from poor to very good as the glass became saturated with 
(22)iron. King and his co-workers carried out a similar series of 
investigations with pure iron and a borosilicate glass. They obtained 
a contact angle of 130° on a clean iron surface with an argon atmos­
phere, When air was introduced into the system the angle dropped to 
40°, They subsequently examined the effect of changing from an air 
atmosphere to an argon atmosphere on the wetting of glasses containing 
10 to 40 weight % FeO, With the air atmosphere wetting occurred with 
all the glasses, but 10 minutes after the argon was introduced only 
the glasses containing above 30^ iron oxide sustained wetting. With 
a clean iron surface and an argon atmosphere,tests showed good adher­
ence was achieved if the glass contained the saturation limit of FeO 
for the glass, 43^, but adherence dropped sharply if the FeO content 
was lowered to 40^L They found the limits of solubility of Fe^O^ and 
FSgOg in this glass to be 33 and 19 weight % respectively.
From this work both sets of workers reached similar conclusions.(22)
King et al concluded that for good adherence the glass at the interface 
must be saturated with an oxide of the metal and that this oxide must 
be one which, when in solution in the glass, will not be reduced by 
the metal. Three reasons were suggested for necessity of the satura­
tion of the glass-metal interface with the proper oxide. Firstly, it 
promotes wetting which is essential for good adherence. Secondly, 
saturation infers that all the available positions within the glass
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are filled and additional metal ions are forced into positions on a 
surface such as the glass-metal interface. When these metal ions are 
forced to remain somewhat permanently in positions intermediate between 
the glass structure and the metal, they supply the linkage which 
produces adherence* Thirdly, glasses at saturation are starting to 
acquire a more definite structure. They also concluded that surface 
roughness plays a beneficial role in adherence but does not ensure 
adherence under conditions deviating more than slightly from those 
described® Pask and his co-workers^^^® concluded that
chemical bonding and thus good adherence develops at a glass-metal 
interface only under conditions of thermodynamic equilibrium. Such a 
condition is obtained when the glass at the interface is saturated 
with the low valence oxide of the substrate metal in contact with the 
glass. Under non-equilibrium conditions however,reactions of a redox 
type can occur with the reduction of cations in the molten glass and 
corresponding oxidation of the metal atoms* In certain systems these 
reactions establish equilibrium compositions at the interface. Non- 
equilibrium results essentially in Van der Uiaals type of bonding and 
a discontinuity in the electronic structure across the interface* _
(29)Hagan and Ratvitz 'reported that iron reacts with sodium disili­
cate in glass at 1000°C to form sodium vapour and wustite in the glass,
rG(aubatrate) + "^2° (glats) (vapour)
Wotis studied the décarburisation of nickel-^cobalt-iron alloy,Kovar, 
in wet hydrogen and its effect on glass-metal sealing. On sealing 
glass-to-metal, the presence of carbon in the metal gave rise to
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bubbles of CO^ and CO at the interface resulting in loss of mechanical 
strength. He reported that in order to achieve bubble free seals, 
the décarburisation temperature for the alloy should be higher than 
the glass-to-metal sealing temperature and suggested 30 minutes at 
1100°C as a suitable production schedule.
Ikeda and Samashima^^^^ reporting on the results a-f an investigation 
into the bonding strength of seals concluded that in the case of the 
nickel-cobalt-iron alloy/borosilicate glass combination, a layer of 
undissolved oxide is absolutely indispensible for the achievement of 
a strong seal;whereas in the case of iron/soda lime glass the strong­
est seals showed direct contact between glass and metal and the 
configurations of the interface suggested a mechanical locking action.
Abendroth^^^^studied the oxidation mechanism of the nickel-cobalt- 
iron alloy, also the effect of oxide thickness and composition on 
oxide adherence using the "vice crush" technique. A relationship 
between oxide thickness, sealing time and adherence was obtained 
(Fig.9). He proposed that necessary conditions for reproducible 
adherence are the presence of magnetite and the absence of hematite.
The suggested disruptive influence of hematite on the adherence of the 
oxide to the base metal was discussed in terms of metal/oxide volume 
ratio and crystal structure.
Fig.9 Graphic illustration 
of relation between oxide 
thickness, sealing time, 
and adherence.
(After Abendrotii \
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(33) (34)Borom and Pask' 'and Barom, Langwell and Pask” 'studied the role
of adherence oxides such as cobalt and nickel oxide which are reported
to improve the enamelling of iron. This improvement by the addition
to the glass of oxides of metals,whose potentials for oxidation are
lower than that of the base metal,is reported to lead to the oxidation
of the base metal after solution of the surface oxide, thus tending
to maintain the glass at the interface saturated with the base metal
oxide.
CHAPTER 2 
EXPERIMENTAL PROCEDURE
1. MATERIALS USED
(a) Alloys
The alloys were produced by melting and casting commercially 
pure elements in a 700 lb capacity vacuum induction furnace at a 
pressure of between 1 and 10 microns. The two 6" square ingots so 
produced were cogged to if" square bar, rod rolled to 5/16" diameter, 
pickled, annealed and cold drawn to diameter rod. The chemical 
analysis of the alloys used is given in TABLE 3.
TABLE 3 CHEMICAL COMPOSITION OE THE ALLOYS
Alloy No.
WEIGHT PER CENT
Ni Co Mn Si C Ti A1 Cu Pb Sn Mg Fe
1
(Telco- 
seal l) 28.8 17.05 0.29 0.08 0.010 0.05 0.05 0.05 0.0005 0.01 0.002 Gal
2
(Telco-
seal
6/4) 51.22 - 0.52 0.18 0.007 0,20 0,05 0.05 0.0005 0,01 0.002 Bal
(b) Glasses
Three types of glass were used in the investigation, a boro­
silicate glass with expansion characteristics matching alloy I; a lead 
glass and a soda-lime glass which match alloy 2. These glasses were 
purchased as approximately diameter rod, the borosilicate and lead 
glasses being obtained from Glass Tubes and Components Ltd® and the 
soda glass from Plowden & Thompson Ltd. The nominal composition of 
these glasses, as supplied by the manufacturers is given in TABLE 4,
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TABLE 4 CHEMICAL COMPOSITION OF THE CLASSES
GLASS TYPE WEIGHT PER CENT
SlOg ^2°3 Al2°3 ZnO BaO CaO NBzO K2O F ^^2°3 PbO Mg 0
BOROSILICATE 
(SBN 124) 65.4 15.8 5.7 1.9 2.5 0.9 4.3 3.0 0.3 0.2 - —
LEAD
(L92) 55,0 - 1.3 « - - 4.5 8.0 - -■ 30 -
ZINC SODA 
(NORMAL) 55,6 2.8 2.0 7.5 - 5.8 15.0 0.1 - - — 0.2
2. THERMAL EXPANSION MEASUREMENTS
A photograph of the dilatometer assembly used to measure the 
expansion characteristics is shown in Fig.10.
H
Fig.10. Dilatometer assembly used to measure the expansion 
characteristics of the alloys and glasses.
The sample 2" long, diameter was housed inside a silica tube and 
the expansion of the sample was transmitted to a displacement transducer 
via a silica rod. A micrometer screw was employed for the dual purpose 
of accurate positioning and calibration of the transducer. The sample 
was heated inside a 1" diameter nickel-chrome wire wound furnace, a 
uniform temperature being maintained over the whole length of the sample, 
Precise temperature control was achieved with a West Stepless programme 
controller with saturable reactor.
Prior to the expansion measurements, the alloy samples were heat
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treated in hydrogen for 1 hour at 1000 C and cooled to room temperature
Qat a rate of 1 C per minute. The expansion data obtained ie given in 
TABLE So
TABLE 5 THERMAL EXPANSION CHARACTERISTICS OF THE ALLOYS AND GLASSES
Expansion 
coaff icient
Borosilicate
glass
Soda-lime
glass
Lead,
glass
Alloy 1
29/17/54
Ni/Co/Fe
Alloy 2 j 
51/49Ni/Fe
C K  o20 » 400 C 5.1xlO"V°C 8.6xlO"V°C 9.2xlO“V ° C 4.7xlO"V°C 10o0xl0” /^°C
( K  020 - 450 C 5.2xlO“V ° C 9.2xlO“’V ° C 9.3xl0“V ° C 5,2xlO”V ° C 10.05x10’
20 - 500 C 5.5xlO”V ° C 9.4xlO“^/°C above soft­ening temp. 6.1xlO"V°C lO.lxlo’Vfc
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3. PREPARATION AND FABRICATION OF THE GLASS-TO-METAL SEAL 
TENSILE SPECIMENS.
The type of seal used in this investigation to examine some of the 
factors effecting the mechanical strength of glass to metal seals is 
shown in Fig.11.
Fig.11. Fractured glass-to-metal seal tensile 
test specimen
The size of rod chosen to make the seal was diameter, which gives a 
surface area of contact between glass and metal of approximately 0.05 
square inches and produced tensile breaking loads of approximately 
100 lbs. A preliminary investigation indicated that factors which 
appeared to have most influence on the mechanical strength of the seal 
were preoxidation of the metal, the temperature at which the seal 
was made, and the time and temperature at which the seal was held once 
contact had been made between the metal and glass*
It was decided to investigate in detail the effect of varying the
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prior oxidation treatment and the sealing period subsequent to the 
making of the seal® The temperature for the fabrication of the seal was 
chosen so that the glass was soft enough to allow the seal to be easily 
made but not high enough to allow the glass to boil® The temperatures 
were 920°C for the lead and soda glasses and 1000°C for the borosilicate 
glass.
The alloy components were prepared by cutting the rod into approxi­
mately l|-" lengths and facing the ends of each length, accurately at 
right angles to the length, on a lathe. One end of each rod was then 
wet ground on successive grades of silicon carbide paper from 240 
through to 600 grade. The rods were held in the centre of a cylindrical 
steel jig to ensure the face of the rod remained at right angles to the 
length during the polishing operation* The rods were washed in hot 
water, then acetone, dried in a hot air blast and then heat treated in 
wet hydrogen for 2 hours at 118D°C, i.e. a decarburising anneal which 
reduced the carbon level to 0.002^.
A number of the rods were treated at this stage to produce a chromium 
diffused layer on the surface. The D.A.L. type process was employed 
for the chromising process. This involved covering the rods with a 
mixture, consisting of 44% chromium powder, magnesia powder and 
2% ammonium iodide, and all contained in a metal boat. The boat and 
contents were placed in a 3" diameter Inconel tube furnace which was 
then purged with argon. The argon gas supply was turned off and the 
outlet closed with an oil trap to provide a pressure release for the 
system. The temperature of the furnace was raised to 100G°C and held 
there for 4 hours. At the end of this period the argon gas supply was 
turned on again and the furnace allowed to cool to room temperature.
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The rods were removed from the chromising mixture, brushed and boiled
in 50% to remove any adhering powder,
(37)
The mechanism of the diffusion process is as follows 
NH^I NHg + HI (1)
2NHg IMg + 3Hg (2)
2HI Ig + Hg (3)
Cr + 2HI Crig + Hg (4)
Crlg + Fe Feig + Cr
Grig + Hg 2HI + Cr
^ deposited (5)
FeIg + Hg 2HI + Fe (6)
During the fabrication of glass-to-metal seals the metal component is 
oxidised prior to the fusing of the glass to metal. In industry the 
oxidation and subsequent heating is often carried out with a gas flame 
and the oxidation products will be variable. This fact is recognised 
but to restrict the number of variables, it was decided to use air at 
normal Relative Humidities at temperatures ranging from 600°C to 1Q00°C, 
The rods were oxidised in a 2^" diameter Nullité tube furnace, the 
temperature of which was brought up to and maintained at the chosen 
oxidation temperature. The rods were placed in the furnace chamber on 
an alumina plate for the required period, normally 30 minutes from when 
they reached the furnace temperature, Pne and of the furnace remained 
open during the oxidation. The degree of oxidation resulting from the 
various oxidation treatments was determined by weighing rod samples 
before and after oxidation. The results are given in Table 6, The 
chromised rods were oxidised by heat treating at 110Q°C for 4 hours in 
wet hydrogen. Oxidation in wet hydrogen is standard industrial practice
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with iron-chromlum and Iron-nickel-chromium glass sealing alloys in order
to produce a strongly adherent chromium-rich oxide layer.
TABLE 6 WEIGHT GAIN DURING PREOXIDATION TREATMENT
Weight gain per sq cm of surface area
Preoxidation 
Treatment ALLOY I ALLOY 2
30 minutes at 500°C. 0,12 mg 0,065 mg
30 minutes at 700°C. 0,25 mg 0,18 mg
30 minutes at 800°C. 0,55 mg 0.38 mg
30 minutes at 9Q0°C. 1.1 mg 0,80 mg
30 minutes at 1000°C. 3.2 mg 2,7 mg
Accurate alignment of the glass and metal rods during the sealing 
operation, in the preparation of the tensile test specimens, was 
achieved by the use of a graphite jig. Molten glass does not adhere to 
graphite and the use of this material, as a jig, is common practice in 
glass-to-metal sealing technology. A block of M3 grade graphite, 
obtained from Nobrac Carbon Ltd., 6" x 2" x 0.75" with three diameter 
semi-circular slots milled into the top face was used as the jig. Three 
tensile test specimens could thus be made at the same time. Alloy and 
glass rods were placed slightly apart in the grooves of the jig as shown 
in figure 12.
Fig.12 Carbon block jig used for the preparation of
the glass-to-metal seal tensile test specimens,
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The jig was placed in a 3" diameter Inconel tube furnace, the temperature 
of which was just above the required sealing temperature. A continuous 
flow of Argon, at a rate of 10 cubic feet per hour, was maintained 
previous to and throughout the sealing operation. An air-tight seal for 
the furnace was achieved with a demountable neoprene "0-ring" seal.
When the temperature of the furnace reached the required sealing temper­
ature, in approximately 2 to 3 minutes, the jig was removed from the 
furnace and the seal made by gently bringing the two alloy rods into 
contact with the intervening glass rod; and at the same time avoiding 
excessive pressure which would cause the glass to run over the top of 
the metal rods. The sealing operation was performed as quickly as 
possible to minimise the fall in temperature of the jig and rods. The 
jig was then returned to the furnace for the required sealing period, 
after which it was removed and allowed to cool in air. Sealing periods 
of 2 to 8 minutes were employed for the mechanical test specimens. If 
the sealing period was extended beyond 8 minutes,the glass flowed excess­
ively and the shape of the seal became non-symmatrical. Some seals were 
produced with a 16 minute sealing period in order to study possible 
changes at the interface with a longer sealing period. Finally the seals 
were returned to the furnace later and cooled slowly at the natural 
cooling rate of the furnace, between 1 and 2°C/minute, from 600°C, i.e. 
above the annealing point of the glass. The tensile strength of the 
seals were measured on a Hounsfield Tensometer using the grooved wedge 
grips and at a strain rate of ■j" per minute obtained with a motorised 
drive.
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4, MEASUREMENT OF STRESSES IN THE GLASS-TO-METAL SEALS
The alloy samples used to fabricate the test samples for the measure­
ment of the stress in the three types of glass-to-metal seal were 
produced from 0.1" thick strip rolled from the diameter rod. Lengths 
of approximately f" in length were cut from the strip and then wet 
ground on successive grades of silicon carbide paper* using water as 
a lubricant. The samples were then heat treated in wet hydrogen and 
oxidised as previously described for the tensile test glass-to-metal seal 
specimens. Seals were made by laying a short length of the diameter 
glass rod on top of the alloy sample and heating the pair in the furnace 
until the glass became molten and flowed over the metal. The seals were 
air-cooled and the sides were then wet ground parallel on 240 grade 
silicon carbide paper. The seals were then reheated to 6G0°C and 
cooled to room temperature at the natural rate of the furnace, between 
1 and 2°C/minute.
The Senarmont method of photo-elastic stress measurement was employed. 
The basic optical system is shown in Figure 13.
? n
1 2 3 4 5 6 7  8 9 10
1 . L ight so u rc e .
2 . G ro u n d  g la s s  d iffu sin g  sc re e n .
3. ilford 8 0 7  g ree n  filter 5461  A.
4 . P la n o -c o n v e x  c o n d e n s e r  len s . 
6 . P o lariser.
6 . O b jec tiv e  lens.
7 . S ea l s a m p le .
8 . Q u arte r  w a v e  p la te  5 4 6 m |x .
9 . A nalyser.
10 . E y e p ie c e .
Fig.13. Schematic diagram of the optical system used for 
the photo-elastic stress measurements.
- 45
The quarter wave plate was set to give maximum extinction with the 
analyser and polariser at right angles. The seal was then inserted in 
position 7 and the angular rotation S°of the analyser required to give 
extinction within the seal at the glass-metal interface, measured.
.2 i
R (retardation m (i/cm)
R
The stress in kg/cm s given by K where
/\.0100.t.
and K = stress optical coefficient of the glass 
(t = thickness of the seal in cms & X = 546p)
The results obtained for the three types of seal produced with a 
preoxidation treatment of 30 minutes at BOG°C and a sealing time of 
4 minutes are given in Table 7.
TABLE 7 STRESS IN THE GLASS-TO-METAL SEALS
Glass-to-metal seal 
type
Retardation
m|i/cm
Stress optical coeff­
icient of the glass 
(brewsters)
Stress 
lb/in^
• Alloy I to 
borosilicate 
glass
40 3.4 170
Alloy 2 to 
soda-lime glass
90 2.8 460
Alloy 2 to 
lead glass
100 2.9 500
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It was considered possible that the stress in the seals could be 
modified by the variation in sealing conditions studied with the tensile 
test specimens i.e, variable preoxidation and sealing time. A heavy 
preoxidation with an extended sealing time would modify the composition 
of the glass at the interface and thus change the expansion coefficient 
of the glass in this area. A range of alloy I to borosilicate glass 
and alloy 2 to aoda-lime glass test seals were produced using preoxid­
ation treatments of 30 minutes at temperatures between 600°C and 900°C 
and sealing times of 2 minutes and 8 minutes. Measurements made on 
these seals did not reveal any variation between stress and these 
sealing conditions. The stress value fell within a spread of ±15% 
which is comparable with the experimental error in this type of measure­
ment.
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5. PREPARATION OF MICRO SPECIMENS
After the mechanical tests, some of the test samples were prepared 
for microscopical examination» The glass-metal interfaces, at the other 
end of the central glass rod to that at which failure occurred, were 
employed for the examination* The alloy rod which remained adhering to 
the glass after test was shortened,by cutting, to approximately i-" from 
the interface. The samples were polished, prior to mounting, on 100 
grade silicon carbide paper to reveal a section of the glass-metal 
interface, approximately across the diameter of the rod.
The specimens were mounted in Bakelite or four parts of Araldite 
AY103 to one part of HY951 hardener. The latter mounting medium was 
used for the poor strength seals which tended to fracture during the 
Bakelite mounting process. Using water as a lubricant, the specimens 
were then wet ground on successive grades of silicon carbide paper 
down to a 600 grade paper and finally polished on metallographic 
polishing wheels covered with cloths impregnated with 5p and diamond 
paste. The polished specimens were washed in warm water, alcohol and 
dried in a hot air blast. The specimens were normally examined in the 
"as polished" condition.
The oxides produced with the various prior oxidation treatments 
used in the investigation were also examined by cross sectioning rods. 
Araldite was used as the mounting medium.
48
6. MICROSCOPICAL EXAMINATION
The glass-oxide-metal interfaces of the seals were examined on a 
Vickers 55 microscope. In spite of careful polishing, owing to the 
varying hardnesses of the components comprising the interface, difficulty 
was encountered in producing a perfectly flat interface. In consequence, 
at the high magnifications necessary to study the thin interface, it 
was not found possible to have all components of the interface in 
sharp focus at the same time. Photomicrographs were taken with a 
Polaroid Land camera using Polapan 200 film.
7. X-RAY DIFFRACTION EXAMINATION
A study of the oxide films,produced on the two alloys during the various 
preoxidation treatments used for the seal samples,was made by X-ray 
diffraction using an 11,483 cm diameter Philips Debye Scherrer Powder 
camera with cobalt radiation from a Raymax 60 set. The alloy
specimens used for the examination were 0,020" diameter wire samples 
oxidised in a similar manner to the rod samples.
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8. ELECTRON-PROBE MICROANALYSIS
Some of the mounted and polished longitudinal sections of the tensile 
test specimens used for microscopic examination were studied in a 
Cambridge Microâcanelectron-probe microanalyser,
A thin conducting carbon film was evaporated on the surface of the 
specimen to prevent heating and charging of the glass due to electron 
bombardment,during microanalysis. Subject to the limitation of the 
instrument, line scans across the interface were carried out for each of 
the major elements in each specimen, the elemental concentration being 
plotted on a chart recorder. X-ray images to show the elemental distrib­
ution were also recorded.
The following qualitative corrections were considered when studying 
the results of the analyses;-
Absorption
The corrections to be considered were (l) that nickel radiation is 
absorbed, which would tend to give low nickel counts and (2) that silicon 
radiation is heavily absorbed by iron, nickel and cobalt,which would give 
low silicon counts in the glass at the interface where the metal ions had 
diffused into the glass.
Fluorescence
Nickel radiation fluoresces both cobalt and iron while cobalt 
fluoresces iron. IT) is would give high readings for cobalt and iron, 
particularly in the alloy and oxide layer.
Atomic Number Effect
This would give errors when cobalt, iron and nickel were present with
the lower atomic number element silicon, in the diffusion areaof the glass 
at the interface. The effect would be to give a high silicon reading and 
low readings for the cobalt iron and nickel in this area.
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CHAPTER 3 
RESULTS
1. STRENGTH OF THE GLASS-TO-METAL BOND AS DETERMINED BY THE 
TENSILE TESTS
The breaking load and the manner in which each seal fractured was 
recorded. When failure of the seal occurred at the interface, problems 
were encountered in describing the exact location of the fracture due 
to the compound nature of the interface;
METAL ONE OR MORE OXIDE LAYERS (OXIDE + GLASS) 
(REACTED LAYER)
CLASS
With thick preoxidation layers it was difficult sometimes to 
identify by visual inspection whether the seal had fractured within the 
oxide layer or at the metal/oxide interface; for whilst an oxide layer 
was clearly visible adhering to the glass surface,often the metal 
surface presented only a tarnished appearance. Such fractures were 
recorded as occurring at the metal/oxide glass interface (Figure 14).
artu.
Fig.14 Photograph illustrating the failure of a seal 
at the metal/ oxide glass interface.
Again with thin preoxidation layersand/or long sealing times it was
difficult to determine whether the seal had fractured at a metal/glass
interface or at a metal/oxide glass interface. Such fractures were
recorded as occurring at the metal/glass interface.
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When failure occurred in the glass component, "hackle" fractures 
(figure 15) were associated with the high breaking loads, whereas clean 
fractures were obtained with lower breaking loads. The clean fracture 
suggested a surface fault, as described on page 21, which produced a 
premature failure in the glass component. These premature failures 
produced very variable results for the mechanical strength of the seals, 
as can be seen in Figures 17 and 18, when fracture occurred in the glass.
Mixed modes of fracture were also obtained, fractures produced 
partly in the glass and partly at the metal/oxide glass interface or 
at the metal/glass interface (Figure 16).
Fig.15 Photograph illustrating 
the hackle fracture in 
glass.
Fig.16 Photograph illustrat­
ing the failure of a 
tensile specimen, 
partly in the glass 
component and partly 
at the metal/glass 
interface.
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Alloy I Sealed to Borosilicats Glass
Details of the tensile test results are given in Table 8 and 
summarized in Figure 17.
The conditions yielding the highest strength seals, were a prior 
oxidation treatment of 30 minutes at 700°C and a sealing time of 4 
minutes, or a preoxidation treatment of 30 minutes at 8D0°C and a 
sealing time of 8 minutes* Tha highest individual value recorded was 
10.6 X 10 Ibs/sq.in. Failure of these seals occurred by fracture in 
the glass component.
Almost equally high breaking loads were obtained when failure 
occurred by fracture at the metal/glass interface. In general this type 
of fracture was obtained with seals produced with a light prior oxida­
tion treatment of 30 minutes at 600°C. The glass appeared to have 
dissolved all the oxide at j^ he interface and the fracture left the 
surface of the metal exposed with an extremely bright finish.
The weakest seals were found to be those made with the alloy rods 
which had been heavily oxidised prior to sealing. These seals failed at 
the metal/oxide glass interface* An improvement in the strength of 
these seals was produced by increasing the sealing time, except with the 
very heaviest treatment when the oxide had practically no adhesion to 
metal prior to sealing.
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TADLE 8(a) STRENGTH OF THE ALLOY I WITH BORDSILICATE GLASS SEALS
Sealed and reheated at 1G0G°C.
Preoxidation 
T reatment
Reheat Time 
minutes
Breaking^ 
Load lb/in
Remarks 
(type of fracture)
30 minutes 2 minutes 4.2 X 10^ mainly at the metal/glassat 60G°C interface, otherwise in
the glass'
II 2.6 X 10^ entirely in the glass
II 1.6 X 10^ n
30 minutes 2 minutes 6.0 X 10^ mainly in the glass other­at 700°C wise at the metal/glass
interface
tl II 3.1 X 10^ entirely in the glass
tr It 3.9 X 10^
30 minutes 2 minutes 0o3 X 10^ mainly in the glass other­
at 800°C wise at the metal/oxide
glass interface
3" 1.8 X 10 entirely in the glass
1.9 X 10^ u
30 minutes 2 minutes 1.0 X 10^ partly in the glass,
at 900°C partly at the metal/oxide
glass interface
II 0.6 X 10^ entirely at the metal/
oxide glass interface
II 0.2 X 10"
30 minutes 2 minutes NIL entirely at the metal/
at 1000°C oxide glass interface
II NIL
II NIL
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TABLE 8(b) STRENGTH OF THE ALLOY I WITH BORDSILICATE GLASS SEALS
Sealed and reheated at 1000°C.
Preoxidation
treatment
30 minutes 
at 600"c
30 minutes 
at 7,D0°C
30 minutes 
at 800^0
30 minutes 
at 1000°C
Reheat Time 
minutes
4 minutes
4 minutes
4 minutes
30 minutes 4 minutes 1.5 X 10?
at 900°C II 2.3 X lo:?
II II 1.7 X 10^
4 minutes
Breaking _ 
Load lbs/in^
4.1 X 10'
3.6 X ID'
3.7 X 10'
5.3 X 10^
3.1 X lo"
8.1 X 10^
4,3 X 1032.3 X
3.2 X
NIL
NIL
NIL
Remarks 
(type of fracture)
partly in the glass, 
partly at the metal/ 
glass interface
entirely at the metal/ 
gloss interface
entirely in the glass
entirely in the glass
entirely in the glass
entirely in the glass
IImainly in the glass 
otherwise at the meta] 
oxide glass interface
entirely at the metal/ 
oxide glass interface
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TABLE 8(c) STRENGTH OF THE ALLOY I WITH B0R05ILICATE GLASS SEALS
Sealed and reheated at 10Q0°C.
Preoxidation
treatment
■Reheat Time 
minutes
Breaking , 
Load lbs/in'
Remarks 
(type of fracture)
30 minutes 
at 60D°C
30 minutes 
at 800°C
30 minutes 
at 900°C
30 minutes 
at lOOO^C
8 minutes
B minutes
0 minutes
8 minutes
2.8 X
2.9 X 10^
3.4 X 10"
30 minutes 8 minutes 4.7 X 1 0
at 700°C II 4.3 X 1 0
If 4.5 X 1 0
4.3 X 10 . 
10.6 X 10'
6.0 X 10'^
2.7 
3.0
2.7
0.4
NIL
NIL
entirely.in the glass
entirely in the glass
II
partly in the glass, 
partly at the metal/ 
glass interface
entirely in the glass
entirely in the glass
entirely at the metal/ 
oxide glass interface
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KEY TO FIGURES 17,10 AND 19
X     Fracture entirely in the glass component.
© .......... » Fracture entirely at the metal/glass interface
(Metal surface bright, oxide appears to have 
completely dissolved in the glass).
Q  Fracture entirely at the metal/oxide glass interface
(Metal surface dull, oxide on glass surface),
® .......    Fracture partly in the glass, partly at the metal/
glass interface.
Fracture partly in the glass, partly at the metal/ 
oxide glass interface.
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a) 2 minute sealing period6
4
2
0
b) 4 minute sealing period
8
Tj 4
2
• p
0
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CO c) 8 minute sealing period12
8
6
4
2
0
600 70 0 800 9 00 1000
Temperature of 30 minute Prior Oxidation Treatment
Figo17 Relationship between tensile strength, sealing period,
prior oxidation treatment and mode of fracture of the 
alloy I to borosilicate glass seals.
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Alloy 2 Sealed to Soda Glass
Details of the tensile test rssulta.--are gjLven in Table 9 and 
summarised in figure 18.
The sealing conditions which produced the highest strength seals 
were a preoxidation treatment of 30 minutes at 70G°C and a sealing time 
of 4 minutes. The highest individual value recorded was 14,4 x 10 lbs/ 
sq.in,, failure occurring at the metal/glass interface, %n general, 
failure of those seals which produced the highest strength occurred by 
fracture within the glass component.
As with the borosilicate glass to alloy I seals, light preoxidation 
produced failure at the metal/glass interface and heavy preoxidation 
produced failure at the metal/oxide glass interface with very low break* 
ing loads. Again an increase in strength pf those seals, made with 
heavily oxidised rods, was achieved by increasing the sealing time to 
8 minutes, fracture now occurred in the glass.
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TABLE 9(a) STRENGTH OF THE ALLOY 2 WITH SODA-LIME GLASS SEALS
Sealed and reheated at 920°C
PrBDXidation
Treatment
Reheat Time 
minutes
Breaking _ 
Load lbs/in'
Remarks 
(type of fracture)
30 minutes 2 minutes 2.3 X 10^ entirely at the metal/
at 600°C
10^
glass interface
11 11 4.2 X
tl 11 6.5 X 10^
30 minutes 2 minutes 4.2 X 10^ entirely in the glass
at 700°C
1.4 X 10^ tl
7.0 X 10^ 11
30 minutes 2 minutes 2 . 8 X 10^ entirely in the glass
at 800°C
10^It n 1.9 X 11
11 If 8 . 8 X 10^ It
30
at
minutes
900°C
2 minutes 1.3 X 10% entirely at the metal/ 
oxide glass interface
0.6 X 10^ II
1.3 X 10^ entirely in the glass
30
at
minutes
1000°C.
2 minutes 0.5 X 10^ entirely at the metal/ 
oxide glass interface
It It 0 . 6 X 10^ 11
tl If 0.5 X 10^ II
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TABLE 9(b) STRENGTH OF THE ALLOY 2 WITH SODA-LIME GLASS SEALS
Sealed and reheated at 920°C
Preoxidation 
Treatment
.Reheat Time 
minutes
Breaking _ 
Load lbs/in'
■Remarks 
(type of fracture)
30 minutes 
at 600°C
4 minutes 7.5 X 10^ entirely at the msrel/ 
glass interface
II ir 3.0 X 10^ 11
II M 3.2 X 10^ entirely in the glass
30 minutes 
at 700°C
4 minutes 14.4 > 10% entirely at the metal/ 
glass interface
n II 7.8 X 10^ entirely in the glass
It II 4,3 X 10^
30 minutes 
at 000“c
II
4 minutes
It
8.0 X
4.3 X
103
lo'
entirely in the glass 
11
II II 2,4 X 10^ 11
30 minutes 
at 900°C
4 minutes 2.1 X 10^ entirely at the metal/ 
oxide glass interface
II II 0 .6 X 10^ 11
II tl 1,4 X 10^ partly in the glass, 
partly at metal/oxice 
glass interface
30 minutes 
at 1QQ0°C
4 minutes 0.6 X 10^ entirely at the metal/ 
oxide glass interface
II 1.8 X 10^ 11
II 0.2 X 10^ II
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TABLE 9-Ca ) s t r e n g t h  OF THE ALLOY 2 WITH SODA-LIME GLASS SEALS
Sealed and reheated at 920°C
Prcjoxidation 
T reatment Reheat Time minutes
Breaking 
Load lbs/in
Remarks 
(type of Frac
30 minutes 
at 6GG°C
8 minutes entirely at the -etal/ 
glass interface
3G minutes 
at 7QG°C
entirely at the -etal/ 
glass interface
entirely in t he glass
minutes IG
8 minutes30 minutes 
at BGO°C
entirely in the class
6.G
30 minutes 
at 9G0°C
minutes entirely in the glass
minutes entirely at the ratal/ 
oxide glass interface
30 minutes 
at 1G0G°C
loO
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2 minute sealing period
4 minute sealing period
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•H
r4
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8 minute sealing period
10
600 800700 900 1000
Temperature of 30 minute Prior Oxidation Treatment °C,
Fig.18 Relationship between tensile strength, sealing period, prior 
oxidation treatment and mode of fracture of the alloy 2 to 
soda glass seals,
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Alloy 2 Sealed to Lead Glass
Details of the tensile test results are given in Tables 10 & 11 and 
are summarized in figure 19,
The sealing conditions which produced the highest breaking loads 
were a prior oxidation treatment of 30 minutes at 700°C and a sealing 
time of 2 minutes. With these seals failure occurred either within 
the glass, at the metal/glass interface, or a combination of both,
3The highest individual value recorded was 3,8 x 10 Ibs/sq.in*, 
failure occurring at the metal/glass interface.
The weakest seals were either those produced with a heavy prior 
oxidation treatment, when failure occurred at the metal/oxide glass 
interface, or with a light preoxidation treatment when failure occurred 
at the metal/glass interface.
In the latter case, globules of metal, shown by chemical analysis 
to be lead, condensed on the alloy rod surface (figure 20). A similar 
condition was achieved by employing a medium preoxidation and an 
increased sealing period of 16 minutes.m
4
Fig.20 Photograph showing the lead condensed on the alloy surface at the 
failure point of an alloy 2-lead glass tensile test specimen.
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As with the borosilicate and soda glass seals, the poor strength 
obtained with a heavy preoxidation treatment could be improved by 
increasing the sealing time to 8 minutes when the mode of failure was 
fracture in the glass component as opposed to the metal/oxide glass 
interface.
The seals produced with the chromised alloy rods all failed in the 
glass component and at breaking strengths similar to the best obtained 
with the unchromised rods.
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TABLE 10(a) STRENGTH OF THE ALLOY 2 WITH LEAD GLASS SEALS
Sealed and reheated at 92Q°C
Preoxidation 
T reatment
Reheat Time 
minutes
Breaking _ 
Load lbs/in
Remarks 
(type oF Fracture)
30 minutes 2 minutes 1 . 8  X 1 0 ^ entirely at the metal/
at 60G°C glass interface
If 0 . 8  X 1 0 ^ II
tl 1.8 X 10^ entirely in the glass
30 minutes 2 minutes 3.8 X 10^ entirely at the metal/
at 700°C glass interface
ft II 2.3 X 10^ It
II 3.1 X 10^ entirely in the glass
30 minutes 2 minutes 1.4 X 10^ partly in the glass
at 800°C partly at the metal/
n oxide glass interfaceII H . 1 . 8  X 1 0 entirely in the glass
II I» 1.9 X 10^
30 minutes 2 minutes 0.9 X 10^ entirely at the metal/
at 900°C oxide glass interface
II 0.6 X 10^ II
11 1.3 X 10^ II
30 minutes 2 minutes 0.9 X 10^ entirely at the metal/
at 1000°C oxide glass’ interface
It II 0.8 X 10^ 11
II tl 0.8 X 10^ II
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TABLE 10(b) STRENGTH OF THE ALLOY 2 WITH LEAD GLASS SEALS
Sealed and reheated at 920°C
Preoxidation 
Treatment
Haheat Time 
minutes
Breaking 
Loading lbs/in
Remarks 
(type of fracture)
4 minutes30 minutes 
at 5Q0°C
entirely at the metal/ 
glass interface
1.2
30 minutes 
at 7D0°C
4 minutes entirely at the metal/ 
glass interface
3.2
entirely in theglass
30 minutes 
at BOO°C
4 minutes entirely in the glass
1.5
30 minutes 
at 900”c
4 minutes entirely at the metal/ 
oxide glass interface
10
1.0
1.3 partly in the glass, 
partly at the metal/ 
oxide glass interface
30 minutes 
at 1D00°C
4 minutes 10 partly in the glass, 
partly at the metal/ 
oxide glass interface
entirely at the metal/ 
oxide glass interface
1.2 10
TABLE 10(c) STRENGTH OF THE ALLOY 2 WITH LEAD GLASS SEALS
Sealed and reheated at 920°C
Preoxidation 
Treatment
Reheat Time 
minutes
Breaking  ^
Load lbs/in^
Remarks 
(type of fracture)
30 minutes 8 minutes 1.0 X  10^ entirely at the metal/
at 600°C glass interface
II II 0,3 X  10^ II
II tl 1.3 X  10^ II
30 minutes 8 minutes 1.3 X  10^ entirely at the metal/
at 700°C glass interface
ft II 1.9 X  10^ If
11 II 1.4 X  10^ tl
30 minutes 8 minutes 0.8 X 10^ entirely at the metal/
at 800°C glass interface
II 2.2 X 10^ It
It 1.6 X  10^ entirely in the glass
30 minutes 8 minutes 1.8 X  10^ entirely in the glass
at 900°C
II II 1.4 X  10^ II
It 11 2.8 X 10^ U
30 minutes 8 minutes 0.4 X 10^ entirely at the metal/
at 10D0°C oxide glass interface
M 11 1.4 X  10^ entirely in the glass
11 11 2.0 X 10^
« »  6 8
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Flg«19 Relationship between tensile strength, sealing period, prior 
oxidation treatment and mode of fracture of the alloy 2 to 
lead glass seals.
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TABLE II STRENGTH OF THE CHROMISED ALLOY 2 WITH LEAD GLASS SEALS
Sealed and reheated at 92D°C
Preoxidation
Treatment
■Reheat Time 
minutes
Breaking  ^
Load lbs/in^
Remarks 
(type of fracture)
4 hours at 110G°C 
in wet hydrogen
2 minutes 1.9 X 10^ entirely in the glass
1» I 7.7 X 10^ If
It I 2.4 X 10^ 1
4 hours at 1100°C 
in wet hydrogen
4 minutes . 1.6 X 10^ entirely in the glass
I n 3.5 X 10^ I
1 3.6 X 10^ I
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2. STRENGTH OF THE GLASS AS DETERMINED BY TENSILE TESTS
To obtain the strength of the glass Itself, samples of the glass rod 
were also tested using the Hounsfield Tensometer. The Tensometer's 
grooved wedge jaws were used to hold the ends of the glass rods,which 
had been coated with Araldite epoxy resin to try to avoid fracture within the 
jaws. The following results were obtained with a strain rate of 
■J-** per minute.
Borosilicate glass
4.2, 2.6, 1.5, 4.2, 2,3, 4.6, 4.3, 3.5, 4.8, 4.8, x 10^ Ibs/sq.in.
3Mean 3.7 x 10 Ibs/sq.in.
Soda glass
3.2, 3.9, 6.1, 4.7, 4.7, 5.5, 3.9, 5.7, 5.3, 5.0, x 10^ Ibs/sq.in.
3Mean 4.8 x 10 Ibs/sq.in.
Lead glass
2.2, 2.8, 1.6, 1.7, 2.3, 3.1, 2.8, 1.8, 2.0, 2.2, x 10^ Ibs/sq.in.
3Mean 2.3 x 10 Ibs/sq.in.
None of the values obtained approached the highest values obtained 
with the glass-to-metal seals. This suggested that either the glass was 
strengthened by heat treatment during the sealing operation or that the glass 
rod was fracturing prematurely due to the mechanical effect of the 
grips during test, in spite of the Araldite protection. Special metal 
holders were machined to hold the glass rod at each end (figure 21).
Fig.21 Photograph showing the metal holders used for the tensile 
tests on the glass rods.
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The rod was set into the recess of the holder with Araldite. Rods were 
tested in the "as received" and "heat treated" condition using these 
holders. The heat treatment consisted of a cycle similar to that used 
for the glass sealing operation and a 4 minute hold period at tempera­
ture was used. Carbon jigs were used to retain the rod shape. The 
following results ware obtained:
Borosilicate glass (unheat-treated) 8.8, 7.1, 11.2, x 10 Ibs/sq.in.
(heat-treated) 6.5, 7.7, 8.5, x 10 Ibs/sq.in.
Soda glass (unheat-treated) 10.3, 11.4, 12.1, x 10 lbs/sq.in«
(heat-treated) 11.4, 11.7, 0.8, x 10" Ibs/sq.in.
Lead glass (unheat-treated) 4.6, 7*7, 5.5, x 10 Ibs/sq.in.
3(heat-treated) 11.3, 8.3, 4.9, x 10 Ibs/sq.in.
Hackle type fractures occurred in all cases.
There was no significant difference between the "heat treated" and 
«unheat treated" strength of the glass but the individual levels were 
appreciably higher than those obtained without the end jigs showing that 
the previous measurement technique was unsatisfactory. The highest 
strengths were now very similar to those obtained with the highest of 
the glass-mstal seals. The strength of the lead glass however, was in 
general, greater than that obtained with the lead glass seals.
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3. METALLOGRAPHIC EXAMINATION
Oxidation of alloys 1 and 2
The oxide layers formed as a result of the prior oxidation treat­
ments used in the glass sealing operation,were examined.
The oxide thicknesses produced after 30 minutes at the various 
temperatures were similar for both alloys; 0.6p at 600°C, 1.5p at 700°C, 
4.5|i at 800°C, 9p at 900°C and 16|i at 10Q0°C. The oxide structures of 
the alloys however were very different.
With alloy 1 the oxide layer appeared to be mainly single phase 
when oxidised at 600°C and 700°C (figure 22). When the temperature was 
raised to 800°C or 900°C a second oxide was noted in the centre of the
layer (figure 23).
X2GÜG
Fig.22 Photomicrograph showing oxide layer produced on alloy I 
with a prior oxidation treatment of 3G minutes at 6GG C.
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X2000 Oxide
detached
Fig.23 Photomicrograph showing oxide layer produced on alloy I 
with a prior oxidation treatment of 30 minutes at 800 C.
Three phases appeared to be present when the temperature was raised to
1000°C, the lighter oxide now existed, in an increased amount, as a
continuous central layer occasionally running to the outside (figure 24)
X2000
Oxide
detached
Fig.24 Photomicrograph showing oxide layer produced on alloy ^
with a prior oxidation treatment of 30 minutes at 1000 C.
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The oxide formed on alloy 2 appeared to be two phase for all the 
temperatures used. These occurred as two separate layers of approxi* 
mately equal thickness, the lighter phase being the outermost layer 
(figures 25-27)•
X2000
Fig.25 Photomicrograph showing oxide layer produced on alloy 2 
with a prior oxidation treatment of 30 minutes at 600°C.
X2000
• V
Fig.26 Photomicrograph showing oxide layer produced on alloy 2 
with a prior oxidation treatment of 30 minutes at 800°C.
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X200Q Oxide
detached
Flg.27 Photomicrograph showing oxide layer produced on alloy 2
with a prior oxidation treatment of 30 minutes at 1000°C.
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Alloy I Sealed to Borosilicate Glass
Photomicrographs of some of the seals examined are shown in 
figures 28-40.
With light preoxidation treatments at 600°C and 700°C there was no 
evidence of an oxide layer remaining at the metal-glass interface when 
the sealing time exceeded 2 minutes. With a sealing period of 2 minutes, 
only small areas nf oxide remained undissolved. A layer of minute 
spherical particles had formed in the glass adjacent to the metal to 
a depth of approximately 20p from the metal surface with a preoxidation 
of 30 minutes at 700°C (figure 28). The depth of this layer increased 
with sealing time and reached a depth of 40p after 16 minutes (figure 29).
XIOOO
'^PKL.tTùf*
Fig.28 Alloy preoxidised for 30 minutes at 700 C;sealing time 
2 minutes
XIOOO
Fig.29 Alloy preoxidised for 30 minutes at 700 C,sealing time 
16 minutes
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Small areas^ metaJJLic in appearance, were noted in the glass adjacent 
to the metal surface* These disappeared when the sealing time exceeded 
4 minutes. A reaction between metal and glass,during a prolonged 
sealing period,was indicated by the fact that the visible internally 
oxidised layer had increased from 2\i after a 2 minute sealing period 
to 7p after a 16 minuta sealing period.
With preoxidation treatment of 30 minutes at 8D0°C and a 2 minute 
sealing period a definite oxide layer was still present at the interface. 
The oxide layer had completely dissolved after a 4 minute sealing period, 
but small metallic particles were present in the glass adjacent to the 
interface* The glass adjacent to the interface had devitrified.
After an 8 minute sealing period the metallic particles had dissolved 
and thçre was no sign of devitrification. There was still faint 
evidence of a reaction in the glass,having proceeded to a depth of 
approximately 30p from the interface (figures 30-32).
Examination of the set of seals produced with a heavier preoxida­
tion of 30 minutes at 900°C and varying sealing times showed that the 
oxide had been completely dissolved after a sealing period of 8 
minutes. With a 2 minute sealing period (figure 33), the glass at the 
interface had devitrified adjacent to the oxide and some columnar 
crystal growth had taken place from the oxide into the glass, A layer 
of very small white particles had formed again, approximately 25|i from 
the metal surface, which appeared to define the interface between the 
modified and unmodified glass. With a 4 minute sealing period 
(figure 34), more oxide had been dissolved in the glass. In places the 
oxide had been completely dissolved by the glass so that in these areas 
the glass was in direct contact with the metal. Devitrification had 
proceeded further into the glass and columnar grains had grown to fill 
the area between the oxide and the diffuse line of fine particles which
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were approximately 33p from the metal surface.
XIOOO
Fig.30 Alloy preoxidised for 30 minutes at 800 C,sealing 
time 2 minutes
XIOOO
Fig.31 Alloy preoxidised for 30 minutes at 800 C,sealing 
time 4 minutes
Photomicrographs showing the glass-metal interface of borosilicate
glass/alloy I glass-to-metal seals.
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XIOOO
Fig.32 Alloy preoxidised for 30 minutes at BOO C,sealing time 
8 minutes
XIOOO
Fig,33 Alloy preoxidised for 30 minutes at 900 C,sealing time 
2 minutes
Photomicrographs showing the glass-metal interface of borosilicate
glass/alloy I glass-to-metal seals.
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XIOOO
Fig.34 Alloy preoxidised for 30 minutes at 900 C, 
sealing time 4 minutes.
The oxide layer had been completely dissolved after an 8 minute sealing 
period (figure 35) so that the glass was now in direct contact with the 
metal at the interface. Apart from odd patches, the area of glass which 
had reacted with the oxide showed little evidence of devitrification.
The apparent demarcation line between the modified and unmodified glass, 
approximately fSp from the metal surface, had become very diffuse.
After 16 minutes (figure 36) there was no longer any evidence of 
devitrification of the glass. The depth of the internal and inter- 
granular oxidation of the alloy was found to have increased from 15|i to 
23p with an 8 minute sealing period and to 33p after the 16 minute 
sealing period. This increase corresponded with direct contact between 
glass and metal once the preoxidised layer had been dissolved. The 
particles of metallic appearance noted with the lighter preoxidation 
treatment were again seen in the glass at the interface with the 4
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minute sealing period (figure 34) and to a lesser extant with an 
8 minute sealing period (figure 35).
XIOOO
Fig.35 Alloy preoxidised for 30 minutas at 900 C, 
sealing time 8 minutes
XIOOO
Fig.36 Alloy preoxidised for 30 minutes at 900 C, 
sealing time 16 minutes
Photomicrographs showing the glass-metal interface of borosilicate
glass/alloy I glass-to-metal seals.
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A similar change with increased sealing time was found with the thicker 
oxide produced at 95G°C. An important difference was an increase in the 
amount of the bright particles formed in the glass at the interface.
When these particles first appeared after a 4 minute sealing period 
they were of very regular shape (figure 37), As the sealing period was 
increased these particles became more spherical.
When the preoxidation treatment was increased to 50 minutes at 1000°C 
a substantial oxide layer remained, even after an 8 minute sealing period 
(figure 40). The light coloured oxide present in the oxide layer 
prior to sealing (figure 24) was reduced with a 2 minute sealing period 
(figure 38) and had disappeared after a 4 minute sealing period (figure 39)
XIOOO
Fig.37 Alloy preoxidised for 30 minutes at 950 C , 
sealing time 4 minutes
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XIOOO
r
Fig.38 Alloy preoxidised for 50 minutes at 1000 C , 
sealing time 2 minutes
XIOOO
Fig.39 Alloy preoxidised for 50 minutes at 1000 C ,
sealing time 4 minutes
Photomicrographs showing the glass-metal interface of borosilicate
glass/alloy I glass-to-metal seals.
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XIOOO
Fig.40 Alloy preoxidised for 50 minutes at 1000 C, 
sealing time 8 minutes
Photomicrograph showing the glass-metal interface of borosilicate
glass/alloy I glass-to-metal seals.
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Alloy 2 Sealed to Soda-glass
Photomicrographs of some of the seals examined are shown in figures 
41 - 47.
With prior oxidation treatments of 30 minutes at 600°C or 700°C there 
was no evidence of the oxide remaining at the metal-glass interface,even 
with the shortest sealing time of 2 minutes. Small bright particles were 
observed in the glass near to the interface (figure 41). The only 
evidence of reaction between glass and metal at the interface with 
increased sealing time was the formation of an internal oxidation layer 
at the alloy surface, faintly visible with an 8 minute sealing period 
but clearly visible in the seal produced with a 16 minute sealing period 
(figure 42),
XIOOO
Fig.41 Alloy preoxidised for 30 minutes at 700 C 
sealing time 2 minutes
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XIOOO
Fig.42 Alloy preoxidised for 30 minutes at 700 C, 
sealing time 16 minutes
A substantial oxide layer was still present at the interface of seals 
made with a preoxidation treatment of 30 minutes at 800°C and a 2 minute 
sealing period. A definite but very thin oxide layer was still present 
at the interface of seals when the sealing period was extended to 4 or 
8 minutes.
The interface of seals made with alloy samples which had received a 
medium prior oxidation treatment of 30 minutes at 900°C and sealing time 
of 2 or 4 minutes showed no evidence in the glass of a reaction with the 
oxide. The oxide appeared single phase, the lighter coloured oxide 
present in the prior oxidation layer before sealing had disappeared.
Some of the oxide appeared to have dissolved in the glass of the seal made 
with an 8 minute sealing period (figure 43) and an angular precipitate 
was observed in the glass adjacent to the oxide layer. With 16 minute 
sealing time (figure 44) the oxide layer had almost completely dissolved, 
but the precipitate was still present in the glass althcjugh somewhat
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reduced in amount and less angular.
X2000
Fig.43
X2000
Alloy preoxidised for 30 minutes at 900 C, 
sealing time 8 minutes
Fig.44 Alloy preoxidised for 30 minutes at 900 C, 
sealing time 16 minutes
Photomicrographs showing the glass-metal interface
of soda -glass/alloy 2 glass-to-metal seals
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study of a seal made with a heavy preoxidation treatment of 60 minutes 
at 1000°C and a soak period of 2 minutes (figure 45), showed that the 
oxide layer contained more than one oxide, the distribution however was 
different to that prior to sealing (figure 27). The quantity of the 
lighter phase was reduced and its distribution was restricted to the 
middle of the oxide layer# Substantial areas of the oxide were missing, 
possibly removed during the polishing operation in the preparation of the 
specimen, indicating that the strength of the oxide layer was poor.
There was no evidence of reaction between the oxide and glass. In the 
seal made with a 4 minute sealing period (figure 46) the amount of the 
lighter oxide was reduced even further. The areas of oxide missing at 
the interface were reduced compared with the seal produced with a 2 
minute sealing period.
X2000
Fig.45 Alloy preoxidised for 60 minutes at 1000 C, 
sealing time 2 minutes
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X2000
Fig.46 Alloy preoxidised for 60 minutes at 1000 C, 
sealing time 4 minutes
Again there was no evidence of reaction between the oxide and glass. 
Extension of the soak period to 8 minutes (figure 47) resulted in the 
complete disappearance of the lighter oxide and there was still no 
evidence of reaction between oxide and glass. The amount of oxide layer 
missing was substantially reduced compared with the seals produced with 
2 or 4 minute sealing periods. After a 16 minute soak period (figure 48)
there was no evidence of oxide having been removed during the polishing
operation but the oxide layer itself was quite porous, particularly in 
the middle. Areas of another phase, of similar appearance to the alloy, 
were now present in the oxide Icyar in the region nearest to the alloy. 
There was also evidence of reaction between the glass and oxide,in that 
the thickness of the oxide was reduced and a regularly shaped precipitate
occurred in the glass adjacent to the oxide layer.
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X2000
I
Fig.47 Alloy preoxidised for 60 minutes at 1000 C, 
sealing time for 8 minutes
X2000
Fig.48 Alloy preoxidised for 60 minutes at 1000 C, 
sealing time 16 minutes
Photomicrographs showing the glass-metal interface of soda-glass/
alloy 2 glass-to-metal seals.
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Alloy 2 Sealed to Lead Glass
Photomicrographs of some of the seals examined are shown in figures 
49 - 62.
With a constant 2 minute sealing time there appeared to be a decrease 
in the reaction between the glass and oxide at the interface with an 
increase in the thickness of the prior oxidation layer. The reaction 
between glass and oxide in the seal made with a prior oxidation treatment 
of 30 minutes at 600°C (figure 49) appeared to have proceeded approxi­
mately 10p into the glass. A vast number of very small bubbles appeared 
to have formed in the glass and a smaller number of spherical particles 
formed in the glass adjacent to the oxide layer. With a preoxidation 
treatment of 30 minutes at 700°C (figure 50) the reaction appeared to 
have proceeded only 5p into the glass beyond the oxide surface and the 
size of the spherical particles at the surface of the oxide was much 
smaller. The oxide layer now appeared single phase, the lighter oxide 
observed prior to sealing was no longer present. Some small areas of 
similar appearance to the alloy were noted in the oxide layer. The only 
evidence of a reaction with a prior oxidation treatment of 30 minutes at 
8QG°C (figure 51) was the formation of a few spherical particles in the 
glass adjacent to the oxide layer and the disappearance of the lighter 
oxide.
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X2000
Fig.49 Alloy preoxidised for 30 minutes at 600 C, 
sealing time 2 minutes
X2000
Fig.50 Alloy preoxidised for 30 minutes at 700°C, 
sealing time 2 minutes
Photomicrographs showing the glass-metal interface of
lead glass/alloy 2 glass-to-metal seals
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xlooo
Fig.51 Alloy preoxidised for 30 minutes at 800 C, 
sealing time for 2 minutes
With prior oxidation treatments of 30 minutes at 900 C and 30 minutes at 
1000°C there was no evidence in the glass of a reaction with the oxide 
(figures 52,53), The oxide layers themselves had changed. The lighter 
oxide had almost completely disappeared with the 900°C prior oxidation 
treatment and had been substantially reduced in the case of the 1000°C 
treatment, compared with that prior to sealing.
X1500
Fig.52 Alloy preoxidised for 30 minutes at 900 C,
sealing time 2 minutes.
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X2000
Fig.53 Alloy preoxidised for 30 minutes at 1000 C, 
sealing time 2 minutes
Prolonging the sealing times for seals made using a prior oxidation 
treatment of 30 minutes at 800°C,resulted in an increase in the growth 
of the spherical particles in the glass adjacent to the oxide layer. 
With a 4 minute sealing period the oxide layer had been dissolved in 
places by the glass (figure 54). The oxide layer remaining after an 8 
minute sealing period (figure 55) had lifted completely away from the 
metal surface, leaving the metal in direct contact with the glass.
X2000
Fig.54 Alloy preoxidised for 30 minutes at 800°C,
sealing time 4 minutes
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X2000
Fig.55 Alloy preoxidised for 30 minutes at BOO C, 
sealing time 8 minutes
A similar trend, although at a slower rate, was found using the thicker 
oxide layer produced with the prior oxidation treatment of 30 minutes at 
900°C (figures 56,57,58). An increase of the sealing time from 2 to 4 
minutes appeared to have strengthened the oxide layer. Again an increase 
in the size of the spherical particles with increase in sealing time was 
noted, but the break-up of the oxide layer did not occur until the 16 
minutes sealing period.
There was evidence of a slight reaction between the glass and oxide, 
indicated by the formation of a large number of small bubbles and a 
small number of spherical particles in the glass near the surface of the 
oxide, in the seal made with a very thick oxide layer produced with a 
preoxidation treatment of 30 minutes at 1Q00°C and a soak period of 8 
minutes (figure 59). The lighter oxide present in the oxide layer before 
sealing and to a lesser extent after a 2 minute sealing period, was no 
longer visible.
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X15G0
Fig.56 Alloy preoxidised For 30 minutes at 900 C, 
sealing time 4 minutes
X1500
Fig.57 Alloy preoxidised for 30 minutes at 900 C, 
sealing time 8 minutes
Photomicrographs showing the glass-metal interface of
lead glass/alloy 2 glass-to-metal seals
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X1500
•s
Fig.58
X2000
Alloy preoxidised for 30 minutes at 900 C, 
sealing time 16 minutes
Fig.59 Alloy preoxidised 30 minutes at 1000 C, 
sealing time 8 minutes
Photomicrographs showing the glass-metal interface of
lead glass/alloy 2 glass-to-metal seals
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A study of these seals Indicated that there was little or no reaction 
between the oxide and glass when the lighter oxide was present in the 
oxide layer after sealing. However when the lighter oxide was converted 
to the darker oxide by an increase in the sealing period, reaction 
between oxide and glass proceeded.
An attempt to produce only the darker oxide without a long sealing period 
was made by oxidising the alloy for 30 minutes at 1G00°C in the usual 
manner, holding the alloy at temperature in an atmosphere of argon for 
10 minutes and then cooling to room temperature in argon. The oxide 
produced (figure 60) was single phase similar to the darker oxide apart 
from small areas of light particles. Seals made with alloy samples 
oxidised in this manner and using 2 and 4 minute sealing periods were 
examined (figures 61,62), A similar reaction was found to have occurred 
with the glass to that whan using thin oxide layers and similar sealing 
times.
X2000
Fig.60 Photomicrograph showing the oxide layer produced on alloy 2 ^
with a prior oxidation treatment of 30 minutes in air at 1000 C, 
then 10 minutes in Argon and Argon cool.
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X2000
Fig.61 Alloy preoxidised for 30 minutes at 1000 C in air, 
then 10 minutes in Argon and Argon cool.
Sealing time 2 minutes.
X2000
Fig.62 Alloy preoxidised for 30 minutes at 1000 C in air, 
then 10 minutes in Argon and Argon cool.
Sealing time 4 minutes.
Photomicrographs showing the glass-metal interface of
lead glass/alloy 2 glass-to-metal seals.
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Chromlsed alloy 2 Sealed to Lead Glass
20In the light cf the reported improvement in the strength of 50/50 
nickel-iron alloy to lead glass seals by the introduction of a chromium 
rich skin on the metal, a study was made of this type of seal.
The chromised alloy 2 rods, prepared in the manner already described 
(page 41),were oxidised by heat treating at 1150°C in wet hydrogen as is 
usual with chromium bearing glass sealing alloys. Seals were made with 
lead glass at 920°C using sealing times of 2, 4, 8 and 16 minutes.
Breaking loads comparable with the best obtained using untreated alloy 2 
and the optimum sealing conditions were achieved for all four sealing 
times. Failure of the chromised alloy seals always occurred by fracture 
within the glass.
IMq evidence of reaction between oxide and glass at the interface was 
visible in any of the seals. The interface of seals appeared substanti­
ally the same, irrespective of the variable sealing times (figures 63,64).
X2000
Fig.63 Alloy preoxidised for 2 hours at 1150°C in wet hydrogen.
Sealing time 2 minutes.
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X200Q
Fig.64 Alloy preoxidised for 2 hours at 1150 C in wet hydrogen, 
Sealing time 16 minutes.
Photomicrograph showing the glass-metal interface of lead glass/
chromised alloy 2 glass-to-metal seals
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4. X-ray Analysis
Tha X-ray patterns obtained from alloys 1 and 2, which had been 
oxidised at temperatures from 600°C to 1050°C, were analysed. This analysis 
indicated the presence of one or all of the following; Fe^O^, NiFe^O^»
FSg O^ f Ni 0 and also in the case of alloy 1, Co Fe^ 0^ . It is 
extremely difficult to differentiate between the patterns obtained from thg 
above oxides. The A.S.T.M. powder diffraction file shows that the 
diffraction pattern for hematite differs only from that of magnetite 
and the other above oxides, by one line (102) of d 3.65A. This difference 
was sufficient to enable the presence of hematite to be positively 
identified as a component of the oxide layer produced by each of the 
preoxidation treatments at various temperatures. It was not however 
possible to differentiate between the other oxides owing to the very close 
similarity of the diffraction patterns.
The oxide film,produced by oxidising alloy 2 in air at 1U00°C and 
holding the sample at this temperature in argon, was analysed. This 
treatment was an endeavour to simulate the effect of the subsequent soak 
period on the oxide layer once the seal had been made. There was no 
evidence of hematite in this oxide layer. The magnetite and/or the ferrites 
were still present. In addition nickel was identified as a component of 
this oxide.
Analysis of the oxide film produced on the chromised alloy 2 with the 
wet hydrogen treatment showed it to be CrgOg. There-was also a faint 
pattern indicating the presence of NiCr^O^.
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5o Electron Flicroprobe Analysis
Alloy 1 sealed to Borosilicate glass
The glass-oxide-metal interface of five seals were examined. One of 
the seals was selected for examination as being representative of the 
sealing conditions which yielded high strength, i.e. oxidised for 30 
minutes at 80G°C and a sealing time of 8 minutes. The other four seals 
were produced with a constant prior oxidation treatment of 30 minutes at 
9QQ°C and varying sealing periods of 2, 4, 8 and 16 minutes. The métallo- 
graphic examination of these specimens,(figures 33-36),showed interesting 
changes in the structure of the interface as the sealing time was increased.
The examination of the seal produced with a prior oxidation at 800°C 
(figures 65,66) showed that preferential diffusion of iron to the surface 
during the preoxidation resulted, in an iron-depleted, nickel and cobalt 
rich, layer about 10p deep below the alloy surface. Iron had diffused 
into the glass to a depth of approximately 40p from the interface during 
the 8 minute sealing period. The iron content in the glass at the interface 
was approximately 22^ ., A drop in the silicon count accompanied the 
diffusion of iron into the glass, A row of cavities were noted in the 
glass parallel to the iron/cobalt diffusion boundary, two of which are 
shown in figures 65 and 66, Some metal (Fe, Co and Ni) was detected 
within these cavities, but it is likely that this was introduced during 
specimen preparation*
The oxide layer on the seals produced with a constant prior oxidation 
treatment of 30 minutes at 900°C consisted mainly of iron and to a lesser 
extent cobalt oxide. The formation of this oxide layer resulted in an 
enriched oickel and cobalt region below the alloy surface. The métallo-
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graphie examination of these specimens showed that gradual dissolution of 
the oxide layer by the glass with increasing sealing period occurred and 
after an 0 minute sealing period the oxide was completely dissolved. 
Increasing diffusion of iron into the glass occurred with increased sealing 
times, the depth was about 17p after 2 minutes, 30p after 4 minutes, 60p 
after 8 minutes, and 120p after 16 minutes (figures 67,69,72,75,
Figure 72 shows the iron distribution after an 8 minute sealing period when 
the last layer of oxide has been dissolved. There was now a smooth 
transition in iron content from the alloy across the interface into the 
glass. The iron content in the glass at the interface was found to be 
constant between approximately 22^ and 25^ for all four sealing periods. 
Cavities were again noted in the glass in some of the specimens at the 
boundary of the iron diffusion layer. The line scans and X-ray images 
showed peaks in the silicon content at the oxide-metal interface after a 
short sealing period, (figure 68) and at the glass-metal interface after 
a long sealing period (figure 74)« In the former case it was not due to 
diffusion of silicon from the glass across the oxide and was unlikely to 
be due to diffusion of silicon, present as a small percentage in the alloy, 
to the surface. The most likely explanation, as with the metal in the 
glass cavities, is that glass was introduced at the interface during the 
polishing operation when preparing the specimen. In the latter case the 
additional evidence of the metallographic examination (figure 36) indicated 
that silicon build up in the alloy just below the metal-glass interface, 
after a long sealing period,was due to penetration of glass into the alloy 
along the grain boundaries of the internally oxidised layer.
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Fig.65 Alloy preoxidised for 30 minutes at 800 C. Sealing time 8 minutes.
X875
Distribution of silicon
X875
Distribution of cobalt
Electron probe scanning X-ray images and line profile across the glass-
metal interface of borosilicate glass/alloy 1 glass-to-metal seal.
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Fig.66 Alloy preoxidised for 30 minutes at 800 C. Sealing time 8 minutes. 
X875 liH
Distribution of iron
X875
2q
Distribution of nickel
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of borosilicate glass/alloy 1 glass-to-metal seal.
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Fig.67 Alloy preoxidised for 30 minutes at
X350
900°C. Sealing time 2 minutes.
Distribution of iron
X350
L::
Distribution of nickel
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of borosilicate glass/alloy 1 glass-to-metal seal.
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Fig.68 Alloy prooxidised for 30 minutes at 900 C. Sealing time 2 minutes, 
X35G
Distribution of silicon
X350
la
' ' } ' t >- '
n,4
Distribution of cobalt
Electron probe scanning X-ray images and line profiles across tha glass-
metal Interface of borosilicate glass/alloy 1 glass-to-metal seal.
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Fig,69 Alloy preoxidised for 30 minutes at 900 C. Sealing time 4 minutes.
X350
Distribution of iron
X350
Distribution of nickel
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of borosilicate glass/alloy 1 glass-to-metal seal.
- UO -
Fig.70 Alloy preoxidised for 30 minutes at 900 C. Sealing time 4 minutes.
X350
'O•H
Q
Distribution of silicon
X350
rH
Distribution of cobalt
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of borosilicate glass/alloy 1 glass-to-metal seal.
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Fig.71 Alloy preoxidised for 30 minutes at 9G0°C. Sealing time 8 minutes, 
X35G
Distribution of nickel
X35G
Distribution of cobalt
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of borosilicate glass/alloy 1 glass-to-metal seal.
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Fig,72 Alloy preoxidised for 30 minutes at 900 C. Sealing time 8 minutes.
X350
.fe-'--...
Distribution of iron
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of borosilicate glass/alloy 1 glass-to-metal seal.
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Fig,73 Alloy preoxidised for 30 minutes at 900 C. Sealing time 8 minutes.
X350 WMi-.
I t
a...
Distribution of silicon
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of borosilicate glass/alloy 1 glass-to-metal seal.
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Fig,74 Alloy preoxidised for 30 minutes at 900 C. Sealing time 16 minutes,
X350
Distribution of silicon
X350
+tH.rui-
22
Distribution of cobalt
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of borosilicate glass/alloy 1 glass-to-metal seal.
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Fig,75 Alloy preoxidised for 30 minutes at 900 C. Sealing time 15 minutes.
X350
Distribution
Hfl
X350
Distribution of nickel
Electron probe scanning X-ray images and line profiles across the glass*
metal interface of borosilicate glass/alloy 1 glass-to-metal seal.
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Alloy 2 Sealed to Soda-glass
The glass-oxide-metal interfaces of a high strength seal,also of four 
seals produced with a constant heavy preoxidation treatment of 60 minutes 
at lOOO^C and varying sealing times,were examined. The four seals showed 
an interesting change in strength, mode of fracture and structural change 
of the interface as the sealing time was increased from 2 minutes to 16 
minutes. The oxide layer produced on alloy 2 with an oxidation treatment 
of 60 minutes at 1000°C was also examined.
The high strength seal, breaking load 10,8 x 10 Ibs/sq.in., was produced 
with a preoxidation of 30 minutes at 700°C, a sealing temperature of 980° 
and a sealing time of 2 minutes. The X-ray images and line scans are 
shown in figures 76 and 77. The metallographic examination indicated that 
the preoxidation layer was completely dissolved with these sealing 
conditions. Iron had diffused into the glass to a depth of about 20^.
There was no evidence of nickel diffusion into the glass. There was an 
iron depleted, nickel rich region about 3p. deep in the metal surface 
adjacent to the interface. The iron content in the glass at the interface, 
was found to be 15^ and the nickel content 10%,
An examination of the oxide layer produced at 1000°C (figure 78) showed 
that the oxide layer, approximately 25p thick, consisted mainly of iron 
oxides, which resulted in an enriched nickel region below the alloy 
surface. The nickel content of the oxide layer was found to be restricted 
to a depth of about lOp adjacent to the alloy. The X-ray images and line 
scans of the four seals produced with the preoxidation treatment at 1Q00°C 
and sealing times from 2 to 16 minutes are shown in figures 79-86.
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The distribution of nickel in the oxide layer at the interface of the seal, 
produced with a 2 minute sealing period,generally extended over the whole 
of the layer although there was evidence of areas devoid of nickel near 
the centre of the layer. In the seal, produced with a 4 minute sealing 
period those areas devoid of nickel were now quite pronounced and existed 
as a continuous layer near the oxide/glass interface. After an 8 minute 
sealing period the nickel was found to be distributed evenly throughout 
the oxide layer. When considered in conjunction with the metallographic 
examination (figure 47) it would appear that the light oxide noted is 
associated with the absence of nickel. The seal produced with a 16 minute 
sealing period gave a uniform distribution of nickel in the oxide layer 
apart from areas of very high concentration at the glass/oxide interface 
and at the centre of the oxide layer. A study of those areas at the glass/ 
oxide interface showed that they corresponded to the regularly shaped 
precipitate noted in the metallographic examination (figure 48). Analysis 
of the precipitate with the electron probe,by comparison with a pure nickel 
standardpShowed that the precipitate was pure nickel, A study of the iron 
content of the seal interfaces revealed a depleted iron region below the 
alloy surface resulting from the high iron content in the oxide. There 
was no evidence of a large variation of iron content within the oxide layer, 
Increasing diffusion of iron into the glass from the oxide occurred with 
increasing soak periods; the dnpth was about 10p after 2 minutes, 25p. 
after 4 minutes, 50p. after 8 minutes and 70p after 16 minutes. There was 
little or no evidence of diffusion of nickel into the glass. The distrib­
ution of silicon in the seals indicated that glass had been introduced at 
the metal/oxide interface during the polishing operation in the 
preparation of the sample for analysis. This fact made difficult the
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Iinterpretation of the data obtained on the seal produced with a 16 
minute sealing period (Fig.85), for it would appear that the glass had 
Flowed into voids throughout the oxide layer. The iron content in the 
glass at the interface was approximately 15% and the nickel content 
approximately 10%, for all four sealing periods.
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Fig.76 Alloy preoxidised for 30 minutes at 700 C. Sealing time 2 minutes.
X875
Distribution of iron
Electron probe scanning X-ray image and line profile across the glass-
metal interface of soda glass/alloy 2 glass-to-metal seal.
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Fig.77 Alloy preoxidised for 30 minutes at 700 C. Sealing time 2 minutes. 
X875..a
Distribution of nickel
X875
-t-
- r
w-
lo
Distribution of silicon
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of soda glass/alloy 2 glass-to-metal seal.
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Fig.78 Alloy preoxidised for 60 minutes at 1000 C,
X350
TV-V:^ 
/ / V
Distribution of nickel
X350
m
% rH jU4>L
□istribution of iron
Electron probe scanning X-ray images and line profiles across the
oxide produced on alloy 2.
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Fig.79 Alloy preoxidised for 60 minutes at 1000 C. Sealing time 2 minutes.
X350
\
#
Distribution of iron
X350
i ri
Distribution of silicon
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of soda glass/ alloy 2 glass-to-metal seal.
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Fig.BO Alloy preoxidlsed for 60 minutes at 1000 C. Sealing time 2 minutes.
X350
TTTT
■t
la;
i « r l
Distribution of nickel
Electron probe scanning X-ray image and line profile across the glass-
metal interface of soda glass/ alloy 2 glass-to-metal seal.
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Fig.81 Alloy preoxidised for 60 minutes at 1000 C. Sealing time 4 minutes.
X350
f
[
Distribution of iron
X350
Distribution of silicon
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of soda glass/alloy 2 glass-to-metal seal.
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Fig«82 Alloy preoxidised for 60 minutes at 100Q°C. Sealing time 4 minutes.
X350
■r
C3
Distribution of nickel
Electron probe scanning X-ray image and line profile across the glass-metal
interface of soda glass/alloy 2 glass-to-metal seal.
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fio.83 Alloy preoxidised for 30 minutes at 1000 C. Sealing time 8 minutes,
X350
Distribution of iron
X350
I
Distribution of silicon
Electron probe scanning X-ray images and line profiles across the glass*
metal interface of soda glass/alloy 2 glass-to-metal seals.
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Fig.84 Alloy preoxidised for 60 minutes at 1000 C. Sealing time 8 minutes.
X350
-U
#H
32
Distribution of nickel
Electron probe scanning X-ray image and line profile across the glass-
metal interface of soda glais/alloy 2 glass-to-metal seal.
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Fig,85 Alloy preoxidised For 60 minutes at 1000 C. Sealing time 16 minutes.
X350
Distribution of nickel
X350
Distribution of silicon
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of soda glass/alloy 2 glass-to-metal seal.
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Fig.86 Alloy preoxidised for 60 minutes at 1000 C. Sealing time 16 minutes.
X350
no
2.Z
Distribution of iron
Electron probe scanning X-ray image and line profile across the glass-
metal interface of soda glass / alloy 2 glass-to-metal seal.
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Alloy 2 Sealed to Lead Glass
The glass-oxide-matal interfaces of five seals were analysed in order to 
assist the interpretation of the interesting data obtained from the 
metallographic examination* The line scans and X-ray images are shown in 
figures 87-94.
A study of the seal produced with a prior oxidation treatment of 30 
minutes at 700°C and a sealing period of 2 minutes showed the usual nickel 
rich region at the metal surface* Diffusion of iron into the glass had 
occurred to a depth of approximately 12p (figure 88). The glass in the 
diffusion area was found to be almost denuded of lead apart from small areas 
of very high concentration at the oxide/glass interface. Metallographic 
examination of this specimen (figure 50) had shown the presence of spherical 
particles at the oxide/glass interface and a reaction within the glass to g 
depth of approximately 12p from the surface*
The interfaces of three seals produced with a constant prior oxidation 
treatment of 30 minutes at 900°C and varying sealing times of 2, 4 and 8 
minutes were analysed. There was no evidence of diffusion of iron into the 
glass with the 2 minute sealing period or any non-uniformity of lead 
distribution in the glass adjacent to the oxide. However with the four 
minute sealing time, diffusion of iron to a depth of approximately 20p had 
occurred together with the peculiar distribution of lead noted in the first 
seal examined (figure 90). With an 8 minute sealing time iron had diffused 
approximately 50p into the glass (figure 92). It was not found possible to 
determine the lead distribution in the glass from the X-ray image,as it 
appeared that lead deposited at the interface had been distributed over the 
surface uf tiie specimen during the polishing operation in the preparation
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for analysis. However, the line scans indicated that the lead content of 
the glass was low in the iron diffusion area with a build up at the oxide/ 
glass interface as before.
With a very thick oxide layer produced with a prior oxidation treatment 
of 60 minutes at 1000°C and an 8 minute sealing period, iron had diffused 
into the glass only to a depth of approximately 15p (figure 93), The 
distribution of the lead in the glass over the area (figure 94) was similep 
to that noted in the previous samples; i.e. migration towards the glass- 
oxide interface although to a far less extent, concentration into discreet 
particles had not occurred. The distribution of nickel, iron and silicon 
was found to be similar to that noted with the alloy 2 to soda glass seals. 
The alloy was enriched in nickel and depleted in iron below the oxide layer, 
The oxide layer consisted mainly of oxides of iron. The distribution of 
nickel was found to be non-uniform, areas devoid of nickel were noted near 
the centre of the oxide layer. A peak in the silicon content was noted at 
the metal/oxide interface.
Again the iron and nickel concentration in the glass at the interface was 
found to be very similar for all the seals examined. The iron content was 
approximately 18^ and the nickel content 6/, <
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Fig.87 Alloy preoxidised For 30 minutes at 700 C. Sealing time 2 minutes. 
XB75
•s
Distribution of nickel
X875
Distribution of silicon
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of lead glass/alloy 2 glass-to-metal seal#
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Fig.88 Alloy preoxidised For 30 minutes at 700 C. Sealing time 2 minutes.
-4
X875
«
Distribution of lead
X875
:
Distribution of iron
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of lead glass/alloy 2 glass-to-metal seal.
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Fig.89 Alloy preoxidised for 30 minutes at 900 C. Sealing time 4 minutes,
X350
Distribution of silicon
X350
Distribution of nickel
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of lead glass/alloy 2 glass-to-metal seal.
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Fig.90 Alloy preoxidised For 30 minutes at 900 C. Sealing time 4 minutes,
X350
Distribution
-H-
oo
X350
WBrMm
•H
Distribution of iron
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of lead glass/alloy 2 glass-to-metal seal.
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Fig.91 Alloy preoxidised for 30 minutes at 900 C. Sealing time 8 minutes.
X350
Distribution of nickel
Distribution of silicon
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of lead glass/alloy 2 glass-to-metal seal.
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Fig,92 Alloy preoxidised for 30 minutes at 900 C. Sealing time 8 minutes.
X350
Distribution of iron
Electron probe scanning X-ray image and line profile across the glass-
metal interface of lead glass/alloy 2 glass-to-metal seal.
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Fig.93 Alloy preoxidised for 60 minutes at 1000 C. Sealing time 0 minutes. 
X95G
X95D
Distribution of iron
Distribution of nickel
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of lead glass/alloy 2 glass-to-metal seal.
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Fig.94 Alloy preoxidised for 60 minutes at 1000 C. Sealing time 8 minutes. 
X950
Distribution of lead
X950
Distribution of silicon
Electron probe scanning X-ray images and line profiles across the glass-
metal interface of lead glass/alloy 2 glass-to-metal seal.
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Chrorrrised alloy 2 Sealed to Lead Glass
The glass-oxide-matal interfaces of four seals using chromised alloy 2 
preoxidised for 2 hours in wet hydrogen at 1150°C and sealing periods of 2, 
4, 8 and 16 minutes were examined. The line scans and X-ray images of the 
seals produced with the 16 minute sealing time are shown in figures 95-97.
The oxide layer was found to consist entirely of chromium oxide. No 
diffusion of chromium into the glass or reaction between the oxide and 
glass was detected in any of the samples. Increasing the soak period from 
2 to 16 minutes was not found to have any effect on the seal interface.
Fig.95 Alloy preoxidised for 60 minutes at 1150 C in wet hydrogen. 
Sealing time 16 minutes.
X350
Distribution of chromium
Electron probe scanning X-ray image and line profile across the glass-
metal interface of lead glass/chromised alloy 2 glass-to-metal seal.
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Fig.96 Alloy preoxidised for 60 minutes at 1150 C in wet hydrogen.
Sealing time 16 minutes.
X350
::
Distribution of iron
X350
Distribution bf nickel
Electron probe scanning X-ray images and line profiles across the glass*
metal interface of lead glaes/chromised alloy 2 glass-to-metal seal.
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Fig.97 Alloy preoxidised for 60 minutes at 1150 C in wet hydrogen.
Sealing time 16 minutes
X350
zx
Distribution of silicon
X350
«JQ.
Distribution of lead
Electron probe scanning X-ray images and line profiles across the glass*
metal interface of lead glass/chromised alloy 2 glass-to-metal seal.
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CHAPTER 4 
DISCUSSION
1. FRACTURE AT THE METAL/CLASS INTERFACE
Fracture occurred at the metal/glass interface with both the alloy 1/ 
borosilicate and alloy 2/soda glass seals when a light preoxidation 
was given to the metal prior to sealing, and occasionally when long sealing 
times were employed. It was difficult to determine from a visual examina­
tion of the fractured seals whether in fact the preoxidation layer had been 
completely dissolved by the glass. Metallographic examination showed that 
with a 2 minute sealing period and a preoxidation treatment of 30 minutes 
at 6Q0°C or when the sealing time exceeded 2 minutes with a preoxidation 
treatment of 30 minutes at 700°C, there was no evidence of an oxide layer 
remaining at the glass/metal interface. As the glass had indeed dissolved 
all the preoxidation layer during the sealing operation and the glass was 
in direct contact with the metal, the seal strengths could be attributed 
to Van der Ulaals forces or mechanical gripping rather than a chemical 
bond. The mechanical strength of seals which failed in this manner was 
only slightly less than those which gave the highest breaking loads and 
fractured in the glass.
Previous workers have suggested various mechanisms of adherence based 
on mechanical roughening, dendrite formation and saturation of the glass 
at the interface with an oxide of the metal (pages 25-35)• The relatively 
strong adherence obtained with these seals, in which there was no evidence 
of an oxide layer at the glass/metal interface, is therefore of particular 
interest. The metallurgical study showed that there was a gradual loss 
of metal at the interface with increased sealing time. This attack of the 
alloy suggests one of the mechanisms proposed by Pask^^^'^^'^^lnd others 
for the retention of adherence once the oxide layer has dissolved, by
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maintenance of saturation oftline glass at the interface with a low valence 
oxide of the alloy. The possible reactions are:
1) In the case of alloy 1
X Fe (substrate) + xCo^^ xFe^^ + xCo
and possibly (1 - x) Fe (substrate) + xCo —>Fe/, \Co\JL ^ X) A
2+2) A similar reaction with Ni ions in the case of alloys 1 and 2.
The cobalt and nickel ions are present in the glass at the interface by 
solution of the preoxidation layer, the cobalt or iron-cobalt alloy 
(nickel or iron-nickel alloy) growing as dendrites at the interface,
Metallographic examination of these seals did not reveal any evidence of
dendrite growth at the interface indicating that the reaction is not due tq 
cobalt or nickel oxide,
3) Fe (substrate) + Na^O (glass) —> Fe + 2 Na (vapour)
Hagan and Ratvit^^^^reported that iron reacts with sodium disilicate in
o 32glass at 1000 C to form sodium vapour and wustite in the glass, Borom
however considers that this reaction plays no part in the maintenance of
the equilibrium concentration of iron in the glass at the interface. This
reaction is stated to occur within the glass rather than at the interface,
the iron first enters the glass as atoms and coalesces into colloidal
particles.
4) 2 Fe^^ + Fe (substrate) — > 3 Fa^^
The oxidation of the metal surface at the interface would appear most 
likely to be due to the above reaction, the ferric ions are present at the 
interface as a result of the solution of the preoxidation layer.
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The fact that qo appreciable roughening of the alloy surface or dendrites 
were observed during the metallurgical study of the seals suggests that in 
spite of the disappearance of the oxide layer, chemical bonding is 
responsible for the relatively good adherence* However insufficient 
chemical reaction occurred at the interface between glass and metal after 
the solution of the preoxidation layer to maintain an adherence strength in 
excess of the glass strength*
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2o FRACTURE AT THE METAL/QXIDE GLASS INTERFACE AND THE IMPROVEMENT IN
STRENGTH OBTAINED WITH INCREASED SEALING TIME.
Extremely poor bond strengths were obtained with all three glass-to- 
metal seal combinations when thick preoxidation layers and short sealing 
times were used for the fabrication of the seals. This poor strength is 
associated with the lack of adhesion between the preoxidation layer and the 
metal.A significant improvement in strength was achieved by increasing the 
length of the sealing period (figures 17,18,19). The mode of fracture 
changing from the metal/oxide glass interface to fracture in the glass.
This improvement suggests that either the glass had substantially dissolved 
the preoxidiation layer or the preoxidation layer had been modified during 
the extended sealing period.
The metallographic study of the nickel-cobalt-iron alloy to 
borosilicate glass seals made with a fairly thick prior oxidation layer 
(page 78 and figures 30-36) indicated that as a result of the rapid rate 
of solution of the oxide layer during the sealing period,there is a change 
in the mode of fracture and an improvement in strength.
The metallographic study of the nickel-iron to soda glass and lead glass 
seals made with a thick prior oxidation layer,showed that solution of this 
oxide during the increased sealing period does not play such an important 
role in increasing the strength as it did with the borosilicate glass seals 
(page 87,and figure 43). Two important changes in the oxide layer with 
the increased sealing period were however noted which coincided with the 
change of mode of fracture from the metal/oxide glass interface to fracture 
in the glass and a corresponding increase in strength. Firstly,the 
lighter coloured oxide, shown by the X-ray examination to be hematite,
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was found to be present in the oxide layer of the weak seals but absent in 
the stronger seals produced with extended sealing period. Secondly, the 
strength of the oxide itself and adhesion to the parent metal appeared 
to have been improved with the increased sealing time (pages 59),
The extended sealing period would allow diffusion within the oxide layer.
The supply of oxygen, after formation of the seal, would be cut off by the 
glass and gradual conversion of the hematite in the oxide to magnetite could 
therefore occur as the soak period was increased. The photomicrographs 
figures 27,45 & 46, show that the conversion of hematite to magnetite and 
nickel ferrite does not occur from inside the oxide layer outwards towards 
the glass, leaving the last areas of hematite at the oxide/glass interface, 
as one might expect if the process was wholly due to diffusion of iron ions 
from the alloy. The last areas of hematite were in fact found to occur at 
the centre of the oxide layer, Studiei^^'^^2f the oxidation of iron 
concerning the self diffusion of iron in iron oxides indicates that whereas 
cation diffusion predominates in wustite and magnetite, anion diffusion 
predominates in the hematite layer. Thus the manner in which the hematite 
was found to transform to magnetite could be explained in terms of oxygen 
ion diffusion into the glass rather than iron ion diffusion from the alloy.
The fact that adhesion between metal and oxide generally improved when 
a long sealing period was used was also observed by Abendrol^^‘^in a study 
of borosilicate glass to nickel-cobalt-iron alloy seals. He proposed that 
the long sealing period allowed for conversion of hematite in the oxide 
layer to magnetite by diffusion of iron from the metal. He concluded that 
the presence of hematite in the oxide layer was directly responsible for 
for the poor adhesion between oxide and metal. He suggested that the
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disruptive influence of the hematite could either be due to the higher 
Pilling-Beduorth ratio (ratio of the volume per metal atom in the oxide to 
the volume per metal atom in the metal) of hematite 2,14 against that of 
magnetite 2.10, or the lattice misfit stresses arising from the crystal 
structure of hematite being rhombohedral. Amongst the other factors which 
could influence the oxide adherence are the oxide plasticity,the diffusion 
mechanism during oxidation and the expansion coefficients of the oxide and 
metal. The relevance of these various factors to this particular case is 
now considered in relation to the presence of hematite,
a) Volume Ratio
No clear relationship has been established between volume ratio and 
oxide adhesion. The small difference in the volume ratio between hematite 
and magnetite, 2.14 against 2.10, does not suggest that the presence of 
hematite in the oxide layer gives rise to poor adherence on this account,
b) Lattice Misfit
A study of the fractured seals shows that the fracture occurs at the 
magnetite (or nickel ferrite)-metal interface rather than at the magnetite- 
hematite interface; which one might expect if lattice misfit stresses 
arising from the presence of rhombohedral hematite were responsible for the 
poor strength of these seals,
c) Diffusion at the metal/oxide interface
The manner in which the hematite in the oxide layer is converted to 
magnetite during an extended sealing period, as has previously been 
discussed, may be due to loss of oxygen to the glass as well as iron 
diffusing from the inner oxide. Another explanation is that very local areas
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of hematite are transformed to magnetite which allows penetration through 
to the oxide glass interface. Diffusion paths are then available for the 
ferrous ions to both sides of the hematite layer. In this respect the 
manner in which the nickel distribution of the oxide layer varies with 
increased sealing time is of interest. The nickel content in a thick 
preoxidation layer formed on alloy 2 prior to sealing, was restricted to 
the half of the layer nearest to the alloy/oxide interface (figure 78), 
However, after a sealing period as short as 2 minutes, nickel was found to 
be distributed throughout the oxide layer with the exception of an area in 
the centre which corresponded to the remaining hematite (figure 80). This 
indicates the nickel ions cannot diffuse through hematite but diffuse 
immediately through the magnetite areas.
For good oxide adherence the oxidation process must proceed in such a
(39)
way that voids are not nucleated at the metal/oxide interface. Dunnington 
at al suggested that the poor adherence of oxide scale on iron was due to 
the condensation of vacancies as voids at the metal/oxide interface. The 
metallographic examination indicates that with thick preoxidation layers 
and short sealing times the oxide layer is very porous at the metal/oxide 
interface (figure 45), A problem does exist however in determining how 
much of the oxide was removed during the polishing operation in the 
preparation of the specimens. Prolonging the sealing period apparently 
reduced the porosity at the metal/oxide interface (figures 47 and 48),
A steam^hydrogen mixture produces adherent films of wustite on iron. 
Tylecoat^^^^suggested an explanation for this good adherence in terms of the 
individual effects of hydrogen and oxygen. The small amount of oxygen 
available would quickly combine with the outward diffusing iron ions and be
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incorporated as wustite on the outer surface^j.. Jhe .byctro^sn however reduces 
the oxide and the resulting iron can . then diffuse back to the oxide/metal 
interface filling holes left by the outward diffusing iron. There is no 
evidence that iron is produced at the glass-oxide interface to enable a 
similar diffusion of iron-ions back to the oxide/metal interface in the 
case of these seals. This suggests that the very porous nature of the oxide 
adjacent to the metal oxide interface of the seals produced with short 
times, is a result of the removal of oxide during the polishing operation 
in the preparation of the specimens for metallurgical examination. The 
fact that this part of the oxide layer was relatively easily removed 
indicates that it was highly stressed.
d) Oxide Plasticity
(40,41)
Work on the mechanical properties of nickel and iron oxides has 
indicated that whilst wustite has a limited degree >ûf plasticity and a much 
lower strength compared with hematite, magnetite, or nickel oxide, no great 
differences between the latter three oxides have been established. This
tXxf' t '
wouldysuggest a relationship between poor oxide adherence and the presence 
of hematite in the oxide layer,
e) Expansion Coefficients of the Oxides and Metal
Recent work done by Bruce and Hancocll^^^n the adhesion of oxide films
on iron and nickel has shown that the failure of iron oxide film occurs
Hancocll^ ^^because the difference in thermal-expansion coefficients between the metal 
and the oxide causes oxide strains that cannot be accomodated by ihe limited 
plasticity of the oxide. They also concluded that the excellent adhesion 
of nickel oxide is due to the fact that the coefficients of thermal
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expansion of the oxide and metal are so similar that only small strains are 
produced during cooling and can be accomodated by elastic deformation of 
the oxide.
The structure of the preoxidation layer, as has been previously discussed, 
changes substantially during a prolonged sealing period and the improvement 
in oxide adhesion may therefore be associated with accompanying changes in 
expansion coefficient of the oxide. The metallurgical. X-ray, and electron 
probe analysis carried out during the preparation of this thesis 
substantiates the proposal by Foley and Guari^^that the oxide formed on the 
nickel-iron allpy consists of a spinel 6f composition l\ii^ Fe„ ^0^ growing ai^ 
the metal-oxide interface with an outer layer of FsgOg, The composition of 
the spinel varies, being richer in nickel at the metal-oxide interface.
A schematic diagram of the oxide layer prior to sealing is shown in 
figure 98.
51/49 Ni/Fe Dxide Soda Glass
Constituent Expanaion 
Coefficiont x m C
20-500 C
20-900 C
10,2
13,4
rG2°3
1^ x^ 0
NiFByO^ "°3°4
X SÏ 1 X = 0
(43)
10.6
(44)
12.4
(43)
12.5
(43)
13.4
(44)
14.5
(43)
12.5
9,4
Above softening point
Fig.98 Diagram showing the construction of a glass-to-metal seal interface 
and the expansion coefficients of the constituents.
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As has previously been discussed, with increased sealing period the oxide 
layer appears to transform wholly to nickel ferrite. Over the temperature 
range being considered, 20°C to 900°C, nickel ferrite has a comparable 
expansion to the nickel-iron base alloy unlike either magnetite or 
hematite. The stress induced in a nickel ferrite layer due to differential 
contraction on cooling will be low compared with an oxide containing 
magnetite or hematite. This suggests that the improvement in strength, 
achieved with longer sealing periods,in the case of the nickel-iron alloy, 
is associated with the transformation of the oxide layer wholly to nickel 
ferrite resulting in a compatibility of expansion between the oxide and 
alloy.
With the nickel^cobalt^iron alloy tn borosilicate glass seals, the oxide 
which results from a long sealing period is mainly magnetite,and mismatch 
of expansion between oxide and metal is maintained. However as previously 
discussed, with this combination the increase in strength with increase in 
sealing period is achieved by solution of the oxide layer by the glass.
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3, FRACTURE IN THE GLASS COMPONENT
With the highest strength seals, failure invariably occurred in the 
glass component and examination of the fractured glass surfaces showed the 
"hackle"type fracture previously described (page2l) . Similar surfaces were 
produced with tensile tests on the glass rods themselves. In many cases 
fracture occurred in the glass component at very low breaking loads and 
in these instances clean fractured glass surfaces resulted. A close study 
of these surfaces generally showed that the fracture had originated from 
a weakness of the interface at the surface of seal, i.e. the fracture was 
not entirely within the glass component. A very small area of failure had 
also taken place either at the metal-glass interface or at the metal-oxide 
glass interface. Failure had therefore commenced at the surface of the 
seal in one of these modes and had then been propagated through the glass 
component.
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4. THE GLASS/METAL INTERFACE OF THE HIGH STRENGTH SEALS
Fracture occurred in the glass of the strongest-seals., indicating that 
when suitable sealing conditions were employed the strength of these seals 
was limited by the strength of the glass,and that the strength of the bond 
between glass and metal was in excess of the highest figure measured.
An examination of the interface of the borosilicate glass/alloy 1 seals 
produced with the conditions which yielded the highest strength, 
preoxidation treatment of 30 minutes at 700°C, sealing time 4 minutes and 
preoxidation treatment of 30 minutes at 80Q°C, sealing time 8 minutes, 
showed no evidence of an oxide layer remaining between the glass and metal.
With the highest strength soda glass/alloy 2 seals, no evidence of an nxide 
layer was found at the interface of seals made with a preoxidation 
treatment of 30 minutes at 70Q°C and a 4 minute sealing time. However with the 
seals produced with a preoxidation treatment of 30 minutes at 800°C and an 
8 minute sealing period, the remains of the preoxidation layer wg$i&still 
visible at the interface.
The existence of an oxide layer between metal and glass is therefore 
not essential for strong adherence. One important difference between these 
high strength seals which fractured in the glass component and those seals 
which fractured at the glass/metal interface with a high but inferior 
strength was the heavier preoxidation treatment used for the former. Thus 
the high strength of these seals may be due to mechanical adherence 
resulting from the increased surface roughness produced by the heavier prior 
oxidation. However, an increase in the sealing time from 4 minutes to 8 minutes
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with the 700°C prior oxidation treatments produces a decrease in strength 
and a change from fracture in the glass component to fracture at the glass/ 
metal interface. This tends to rule out the mechanical adherence and 
supports the suggestion made by other workej^s^’^ ^’^ ^lhat chemical bonding 
and strong adherence is only obtained when the glass at the interface is 
saturated with the low valence oxide of the substrate metal in contact with 
the glass. The increase in sealing time reduces the concentration of oxide 
in the glass at the interface. Reasonable adherence is still maintained by 
reaction between glass and metal as previously discussed (page 146),
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5. THE LEAD GLASS SEALS
The manner in which the lead glass to alloy 2 seals changed with the 
various sealing conditions was found to be quite different to that of the 
borosilictae and soda glass seals, the lead glass seals had only very poor 
strength with a light preoxidation or a medium preoxidation and extended 
sealing times.
Examination of these lead glass seals,produced with a light preoxidation 
or a medium preoxidation and extended sealing time,revealed after 
mechanical testing that lead had been deposited on the metal surface at tfie 
interface under these sealing conditions. Metallographic and electron 
microprobe analysis showed that the formation of these lead particles 
occurred with diffusion of iron into the glass. One important fact arising, 
from the examination is that the thicker the preoxidation layer, the longer 
the sealing period required to allow equivalent depth of diffusion of ■ 
iron into the glass. With a preoxidation treatment of 30 minutes at 700^C 
(figure 88) iron was found to have diffused to a depth of 12p using a 2 
minute sealing period. With a preoxidation treatment of 30 minutes at 900°C, 
no diffusion of iron was detected using a 2 minute sealing period but had 
diffused to a depth of 2U\i with a 4 minute sealing period (figure 90) and to 
a depth of 5D|i after an 8 minute sealing period (figure 92). However iron 
had diffused only to a depth of 15p after an 8 minute sealing period with 
a preoxidation treatment of 60 minutes at 1000°C (figure 93). Little 
diffusion of iron or formation of lead particles at the interface was noted 
when hematite was present in the preoxidation layer,suggesting that 
transformation of hematite to magnetite was necessary before diffusion of 
ferrous ions into the glass could proceed and allow the reduction of the 
lead oxide to lead. Thus a thick oxide layer with a heavy outer layer of
157
hematite initially prevents the diffusion of ferrous ions into the glass, 
and prolonged sealing periods are required to allow reduction of the hematite 
to magnetite and thence the reduction of lead oxide in the glass to lead.
This conclusion is substantiated by the metallurgical examination of seals 
(figures 61 & 62) made with a thick preoxidation layer in which the hematite 
was transformed to magnetite before sealing, by first holding the oxide at 
temperature and cooling in argon (page'99), .* This examination showed
that even with the thick oxide layer, reduction of lead oxide in the glass 
occurred with a very short sealing period when the lematite layer was absent 
from the oxide.
The metallurgical, microprobe and visual examination of the fractured 
seals showed that bubbles of lead vapour formed in the glass at the interface 
with the reduction of lead oxide and condensed on the alloy surface as the 
seal was cooled. With a thick preoxidation layer and long sealing times, 
the lead vapour bubbles expanded to lift the oxide layer away from the alloy 
surface and allow the lead to condense on the alloy surface. The poor 
strength of the lead glass seals, with the reduction of the lead oxide, 
resulted from two sources. Firstly, loss of physical contact between glass 
and alloy and reduction of the strength of the glass at the interface with 
the nucléation and growth of the lead vapour bubbles. Secondly, the 
breakdown of the chemical bonding at the interface with the condensation 
of the lead at the interface.
Electron probe analysis (page 141) showed that with the introduction
of a chromium oxide layer at the interface there was little or no diffusion
of metal ions into the glass, even after a 16 minute sealing period, and
(45)
also no reduction of lead oxide occurred, Borom and Pask studied the
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kinetics of dissolution and diffusion of the oxides of iron in sodium 
disilicate glass» They found that the diffusion coefficient of ferrous 
iron is an order of magnitude greater than that of ferric iron, and the 
dissolution of each of the oxides is controlled by the diffusion in the 
molten glass. The very slow rate of solution of the chromic oxide (page 141) 
can therefore be explained in terms of the lack of diffusion of chromic ions 
into the glass. Their findings regarding the relative rates of diffusion 
of ferrous and ferric iron in sodium disilicate glass is similar to that 
found with the lead and soda glass, as just discussed above. With the few 
modified seals examined fracture always occurred in the glass components 
and at much higher loads.
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6. PRECIPITATION OF NICKEL AT THE INTERFACE.
Metallurgical examination of the soda glass to alloy 2 seals revealed
the presence of an angular shaped precipitate in the glass, near to the glass/
oxide interface, when thick preoxidation layers and extended sealing times
were employed in the fabrication of the seal (figures 43 & 48), The
microprobe analysis showed that these precipitates were nickel. Similar
areas, although less regular in shape, were observed in the oxide layer.
They were also very evident in the thick layer in which the hematite had
been transformed to magnetite by heat treatment in an argon atmosphere
(page 99)and figures(50, 61 & 62), This suggests that the appearance of the
nickel in the oxide and in the glass results from a reaction between the
oxide components themselves which occurs once the oxygen supply is cut off
rather than a reaction with the soda glass. Metallurgical examination
(figures 45-48) showed that the precipitation of nickel did not occur until
the hematite in the oxide had first been converted to magnetite,showing that
the reaction was dependent on the availability of ferrous ions to reduce the(22)
nickel oxide (or nickel ferrite) in the oxide layer and glass. King et al 
observed a similar phenomenon in the case of iron sealed to borosilicate 
glass containing 100 parts of FeO per 100 parts of basis glass,when cubes of 
metallic iron were precipitated in the glass near the interface.
In the case of lead glass to alloy 2 precipitation in the glass with 
similar sealing conditions was not observed. However, free energy of 
formation dati^^^suggest^ that the ferrous ions would reduce the lead oxide 
in preference to the nickel oxide as in fact was found to be the casa.
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7, THE MECHANISM OF ADHERENCE BETWEEN GLASS AND METAL
The mode of fracture of the strongest seals was almost entirely by 
fracture in the glass component, showing that when suitable manufacturing 
conditions are used the strength of the seal is limited by the strength of
the glass,rather than the bond between glass and metal. An examination of)
the interface of the strongest borosilicate glass/alloy 1 seals, i.e. those 
produced with a preoxidation treatment, 30 minutes at 700°C and a 4 minute 
sealing period or a preoxidation treatment of 30 minutes at B00°C and an 8 
minute sealing period, showed no evidence of an oxide film remaining between 
glass and metal. In the case of the strongest soda glass/alloy 2 seals no 
evidence of an oxide layer remaining at the interface was found in those 
produced with a preoxidation treatment of 30 minutes at 700°C and a 4 minute 
sealing period, whilst a faint oxide layer was found in those produced with 
a preoxidation treatment of 30 minutes at 800°C and a 4 minute sealing period. 
A definite oxide layer was observed at the interface of the seals produced 
with a preoxidation treatment of 30 minutes at 800°C and a 2 minute sealing 
period and the seals produced with a preoxidation treatment of 30 minutes 
at 90Q°C and an 8 minute sealing period. Two conditions therefore exist 
whereby strong seals can be achieved: 1) with direct contact between glass
and metal, 2) with an intermediate layer of oxide between glass and metal.
The structure of the interface under these conditions is therefore of great 
importance.
The basic unit in the structure of glass is the silicon-oxygen tetrahedron 
in which a central silicon ion is surrounded by four oxygen ions. A 
continuous and random network is built up with these tetrahedra placed 
corner to corner and sharing a common oxygen. Similar glass forming oxides
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with an ability to build up continuous three dimensional networks are 
germania, phosphorous pantoxide, arsenic oxide, and boric oxide. Oxides 
known as modifying oxides, such as those of the alkali metals, are usually 
added to the commercial glasses to lower the viscosity in order that they 
may be worked at a lower temperature. When one of these oxides such as 
sodium oxide is introduced into silica glass, structural changes occur 
(figure 99). The oxygen atoms from the sodium oxide interrupt the network-.; 
by entering it at points where two tetrahedra are joined and breaking them 
apart so that there are now two non-bridging oxygen ions. The sodium ions 
are accomodated in the holes or interstices in the random network structure 
and results in closer packing which promotes crystallisation.
+ NOjO
+  2N o+
O  Silicon ion O B ridging  o x y g en  ion 
©  N o n -b r id g in g  oxygen ion
® Silicon ion 
S od ium  ion
O Bridging oxygen ion 
O  N o n -b rid g in g  oxygen  ion
Fig.99 Two dimensional representation of reaction between sodium oxide 
and silica tetrahedra (after McMillan' )*
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Metal oxides of iron, mickel or cobalt can similarly act as modifying oxides. 
When molten glass is placed in contact with an oxidised metal surface there 
is thus a driving force for the solution of the metal oxide by the glass to 
increase the number of non-bridging oxygen ions. The glass at the interface 
will be immediately saturated with the metal oxide. The rate of solution 
of the remaining oxide will depend on the rate of diffusion of the metal ions 
into the bulk unsaturated glass. The metal ions will be accomodated in the 
interstices and at the interface there will be a strong tendency for the 
glass to crystallise. In cases where strong adhesion was achieved with 
direct contact between glass and metal, the glass at the interface was also 
saturated or nearly saturated with the dissolved metal oxide.
-Adhesion to the surface of a solid will occur, as previously discussed, 
whenever its surface free energy and that of the adhering phase can be 
lowered. This is achieved in the case of glass and metal with an intermedi­
ate oxide layer by the screening of the silicon ions in the glass with 
oxygen ions.
In the case where good adhesion was achieved with direct contact between 
glass and metal, the surface energy of the glass was probably lowered by the 
polarisation of the glass surface. In a free atom or ion the centre of 
gravity of the electron cloud, on average, coincides with the nucleus and 
the electric moment is thus zero. If the atom or ion is placed in an electric 
field the electrons are attracted to the positive side and the positive 
particles are attracted to the negative side of the field. The induced 
moment p. is related to the field F by the relation p = F where 
is the polarisability of the atom or ion. As the atomic number increases 
there is an increase in the atomic polarisability. In order to appreciate
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the role which polarisation plays in lowering the surface energy of a solid 
surface it is useful to consider the force of a freshly fractured crystal 
such as magnesium oxide. The surface energy is the result of the electric 
forces which emanate from surface ions because those ions which are located 
at the surface are not completely surrounded by ions of the opposite charge.
In the case of the magnesia crystal each ion has the co-ordination five 
instead of six. The surface arrangement is thus:-
cation - anion - cation - space
anion - cation - anion - space
cation - anion - cation - space
The electrical distribution around these surface ions cannot remain the
same as when they were in the interior of the unfractured solid because of 
the strong field created by these asymmetrical electron environments. The 
mechanism of polarisation under these conditions is shown in figure lOOA.
The forcgs from the anions are strongly decreased by a deformation of the 
electron clouds or a polarisation of the anions which induces a dipole and 
thus a decrease in the negative field force directed towards the surface of 
the crystal. This is represented in figure lODB, by a decrease in the length 
of the arrows from the anion towards space. Without a partner at the opposite 
side, the electron clouds of the anions are pulled over towards the cation.
The polarisability of the magnesium ion is very low and has been neglected.
The degree of lowering of the surface energy will depend on the 
polarisability of the surface ions, the higher the polarisability the greater 
the lowering in surface energy.
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Fig.100 Illustrating the decrease in,surface energy by polarisation 
of surface ions (after Gruve^^ '),
Most glasses are built up from ions of low polarisability such as 0^~,
Si^^, Na^^, and Ca^^pWhich accounts for the inertness of the soda glass.
The ions of the transition group,nickel, cobalt and iron,are strongly 
polarising and the presence of these ions in the glass surface would reduce 
the surface energy and thus improve the adhesion between glass and metal.
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CHAPTER 5 
INDUSTRIAL IMPLICATIONS
Industry has long appreciated that the strength of glass-to-metal seals 
can vary enormously depending on the conditions employed for their fabrication. 
For relatively low production,the glass blower can be relied upon to use fjis 
experience to employ those conditions which will yield a satisfactory seal. 
However, where large volume output is required the process has to be automated 
and the important steps of the process have to be identified and standardised. 
This investigation has underlined the importance of such factors as the degree 
of prior oxidation and the sealing time and provides quantitative information 
on the effect of variation of these two parameters together with explanations 
for the manner in which they effect the strength of the seal,
Nickel-cobalt-iron alloy to borosilicate glass
With these seals it has been shown that it is extremely important not to 
over-oxidise the alloy component prior to the fabrication of the seal or an 
extremely weak seal will result. It is in fact safer to err on the side of 
producing too thin an oxide coat, for even with a very thin oxide coat the 
strength of the resulting seal remains very close to the strength of the 
glass. A prior oxidation treatment which produces a weight gain of Q.25mg/ 
sq.cm will produce high strength seals for a wide range of sealing times.
If by error the alloy components are given too thick an oxide coat prior to 
sealing, seals of reasonable strength can still be achieved with such 
components by using a relatively long sealing period.
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Nickel-iron alloy to Lead glass
The relatively poor strength of lead glass to 50/50 nickel-iron alloy 
glass-to-metal seals has previously been attributed to the poor adhesion 
between the alloy and its oxide. This investigation has demonstrated that 
the relatively poor strength of these seals does in fact result from the 
reduction of the lead oxide in the glass by ferrous ions diffusing from the 
alloy and its oxide. The sealing conditions necessary to produce seals of 
reasonable strength are very much more critical for this combination compared 
with the borosilicate glass/alloy 1 combination. If the oxidised layer 
produced is too thin,ferrous irons rapidly diffuse into the glass onri 
reduce the lead oxide in the glass to produce a loss of adhesion at the 
glass-metal interface. A long sealing period produces a similar effect.
Poor stVength also results from too heavy a prior oxidation treatment of the 
alloy component in a similar manner to alloy 1 to borosilicate glass seals 
and again this can be ameliorated by using a long sealing period. In general 
one should aim for a prior oxidation treatment of the alloy component which 
produces a weight gain of 0,2mg/sq.cm. The critical nature of the sealing 
conditions necessary to produce a good strength seal with this combination 
can be relaxed by introducing a stable oxide layer at the interface thus 
avoiding the reduction of the lead oxide in the glass. A chromising 
treatment of the alloy component and subsequent oxidation in wet hydrogen was 
found to produce high strength seals over a wide range of sealing times. 
Whilst this is a practical proposition for special components,where price is 
not the prime consideration,it is difficult to conceive its use in the 
production of highly competitive components such as reed relays. Normally 
prior oxidation and sealing of this component is carried out in one
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operation. However, by carefully controlling the sealing operation, in 
particular the prior oxidation, the temperature of the sealing operation 
and the time for which the seal is maintained at temperature, it is possible 
to produce seals of reasonable strength.
A New Sealing Technique
A very recent method of sealing glass to metal currently being studied by
(49)
industry is the "Mallory Process" , which is claimed to be revolutionary.
It is of particular interest since one of the conclusions reached in the 
investigation provides an explanation for the mechanism of the process.
A schematic drawing illustrating the Mallory process is shown in figure 101
/G.USS
(49)
Fig. 101 Schematic diagram of the Mallory process .
The bond is formed by placing a flat piece of glass on a flat piece of metal 
heating the two components to a temperature from 2GG°C to 400°C below the 
softening point of the glass, and applying a d.c. voltage across the sandwich. 
The time required to complete the seal is reported to depend on the surface
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Flatness, the temperature to which the components are heated and the 
magnitude of the applied voltage. Times of several seconds to several 
minutes are reported with voltages ranging from lOOV to more than lOOOU.
The expansion matching requirements of the glass and metal are claimed to
be less stringent than with conventional sealing processes due to the relative­
ly low temperature of formation of the seal. Bonding is claimed to have been 
achieved in room atmosphere, nitrogen, oxygen, hydrogen, argon and in vacuum.
A tensile bond strength of 2000 - 3000 p.s.i. is reported, the fracture
generally occurring in the glass. The inventors believe that the electro­
static attraction between glass and metal,obtained by the application of the 
d.c. potential, produces sufficient intimate surface contact to bond the 
materials. They also suggest that electro-chemical phenomena may be important 
in the formation of a strong bond,
A brief examination of this process was made using diameter rods of the 
lead glass and alloy 2, in length, as the two components. The faces of the 
glass and metal components were prepared in a similar manner to that described 
on page 41 for the mechanical test specimens. With a d.c. voltage of 700V 
applied in the recommended manner and in a nitrogen atmosphere, the lowest 
temperature at which any adhesion could be achieved was 430°C i.e. 100°C below 
the softening point of the glass. Adhesion was restricted to a small part of 
the total surface area. An improvement was achieved when extreme care was 
taken with the surface flatness, extending the polishing down to ^p.
With these conditions bonding across the bulk of the surface area was 
normally achieved and under mechanical stress the seal would fracture within 
the glass. Attempts were then made to produce a bond under identical condition 
except that either the voltage was not applied or was applied in the opposite
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direction. Bonding was not achieved under these circumstances. Bonding does 
not therefore result purely from intimate contact between metal and glass 
produced by electrostatic attraction,for this would not be dependent on the 
direction of the voltage. The direction of the applied voltage necessary for 
successful bonding, i.e. glass negative, is such as to promote the diffusion 
of metal ions into the glass. A metallographic examination of the interface 
of a good seal (figure 102) indicates that such a process does in fact take 
place.
X2G00
Fig.102 Glass-metal interface of a Mallory type seal showing reaction 
layer in the glass.
This is in accordance with one of conclusions reached from the main investi­
gation, namely that seals with good mechanical strength can be achieved 
without the necessity for an oxide layer to exist between glass and metal, 
provided there is a sufficient concentration of the metal ions in the glass 
at the interface.
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The Mallory process is of industrial interest since it appears to offer a 
method of sealing glass to metal at a much lower temperature than is possible 
with the conventional method. This is particularly important to the 
microelectronics industry where it is desirable to hermetically seal 
integrated circuits with a glass to metal seal but the normal high sealing 
temperatures do present problems as regards the other components. The absence 
of an oxide film on the metal component which would normally have to 
subsequently be removed is also an added advantage. This brief investigation 
shows that its general application in industry is liable to be limited, for 
both components require to have extremely good mating surfaces with a very 
good finish if the low sealing temperatures claimed for the process are to 
be realised.
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CHAPTER 6
CONCLUSIONS
1. The bond between glass and metal in the strongest seals was found to 
be of greater strength than that of the glass, and fracture occurred 
within the glass component. Surface imperfections are generally 
considered to limit the strength of glass to about lO^lbs/sq.in and this 
figure is in agreement with the values obtained in this investigation.
2. The mechanical strengths of the glass-to-metal seal combinations examined 
are dependent on the degree of prior oxidation of the metal components 
and the period of time for which the seal is held at the sealing 
temperature,once the glass has been placed in contact with the metal,
3. The prior oxidation condition necessary to achieve a high strength seal 
is closely related to the length of the sealing period. The sealing 
period allows solution of the oxide by the glass and metallurgical 
changes within the oxide layer to take place,
A, High strengths are achieved in the presence of an oxide film at the 
glass-metal interface of the finished seal. This oxide film promotes 
wetting of the glass and provides chemical bonding across the interface. 
This oxide film must be strongly adherent to the parent metal.
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5. High strengths are also achieved in the absence of an oxide film at 
the glass-metal interface. A high concentration of metai>^ons in the 
glass at the interface is necessary in such seals. The presence of the 
highly polarising metal ions reduces the surface energy of the glass 
and promotes adhesion.
6. The poor strength obtained with 50/50 nickel-iron alloy to lead glass 
seals is associated with the reduction of lead oxide in the glass at the 
interface and not to poor oxide adherence to the parent metal, as 
Partridge and other works have suggested.
- 173 -
BIBLIOGRAPHY
1. GUILLAUME, C.E.: (1897), C.R. Acad. Sci., Paris 124,p.176 - 179.
2. CHEVENARD, P.s (1914), Rev de Met,, 159, p,841 « 862.
3. SCOTT, H.: (1930),Trans A.I.M.E., ^,p,506 « 537.
4. HULL A.N., and BURGER, E.E.; (1934), Physics !5, p.384 ~ 405.
5. SCOTT, H.Î ]. Franklin. Inst., (1935),220,p.733 » 753.
6. HICKMAN, 3.U. and GULBRANSEN, E.A.s (1947), TRANS A.I.M.E., m,p.344 - 370..
7. PASK, 3.A.: (1948),Proc. Inst. Radio Engineers,36, p.286 - 289,
8. KOH, P.K. and CAUGHERTY, B.s (1952),3, Appl, Phys., 23, p,427.
9. FOLEY, R.T., DRUCK, 3.U, and FRYXELL, R.E.s (1955), 3, Electro
Chemical Soc,.102, p.440 - 445,
10. FOLEY, R.T. ahd GUARE, C.3.: (1959) ibid, 106, p.936 - 940.
11. ABENDRDTH R.P.î (1965),Materials Research and Standards,_5, p.459 - 466,
12. IÜULF, G.L., CARTER, T.3., and WALLWORK, G.R. (1969),Corrosion Science,9
p.689 -701.
13. PARTRIDGE, 3.A.: (1949),"Glass to metal'seals", Society of Glass
Technology.
14» OLDFIELD, L.F.s (1959), V.Int GlasUongreb,, Glastechnische Beriqhte, 
p.16 - 25.
15. PROCTOR, B.A.s (1954),Applied Materials Research,3an, p.28 - 34,
16. FISHER, 3.C. and HOLLOMAN,3.C.: (1947), Metals Technology,14 T.P. 2218.
17. PROCTOR, B.A.s (1962), Phys. Chem. Glasses, _3 p.7.
18. PRESTON, F.W.; (1942), 3. Applied Physios,13 p.623.
19. HULL, A.W., BURGER, E.E. and NAVIAS, L,s (1941),3,Appl.Phys,p,698 » 707
20. DAVIS; M.s (1954),Services Electronics Research Lab, Tech,3, £, p,36 - 43,
21. SCOTT, U.3.: (1946), 3.Sc, Inst. 23, p.193 - 202.
22. KING, 8.U., TRIP, H.P. and DUCKWORTH, W.H.: (1959), 3.Am, Ceramic Soc.,
42, p.504 - 525.
23. DIETZEL, A.: (1934),Emailwaren - Ind., 11, p.161 - 166.
24. ZACKAY, V.F., MITCHELL, D.W., MlTOFF, S.P. and PASK, 3.A.S (1953), 3.Am.
Ceramic Soc., 36, p.84 - 89,
— 174 —
25. MITOFF, S.P.: (1957),ibid, pàllB - 120.
26. FULRATH, R.M., MITOFF, S.P. and PASK, ],A, (1957),ibid, ^,p.267 «• 274,
27 VOLPE, M.L*, FULRATH, R,M. and PASK, O.A.s (1959),ibid, p.102 « 106.
28, CLINE, R.W. FULRATH, R.M, and PASK, 3.A.: (1961),ibid, p.423 « 428.
29. HAGAN, L.G. and RAVITZ, S.F.: (1961),ibid, U, p.428 - 429.
30. ADAMS, R.B. and PASK, 3.A. <1961),ibid, p.430 » 433-
31. PASK, 3.A. and FULRATH, R.M.s (1962),ibid, 45, p.592 - 596,
32, PASK, 3.A. and BOROM, M.P.s (1965),Proc of Vllth International Glass
Congress. 1^, paper No.81, Instiut National due Verre, Charleroi, Belgium.
33. BOROM, M.P. and PASK, 3.A.; (1966),3.Am. Ceramic Soc,, 49 p.l - 6,
34, BOROM, M.P,, LONGWELL, 3.A, and PASK, 3.A. (1967),ibid 50 p,61 - 66.
35, NOTIS, M.R.: (1962), 3.Am Ceramic Soc-, p.413 - 416,
36- IKEDA, Y, and SAMESHIMA, Y.: (1963),Proc 6th 3apan Congress on testing 
materials,
37, SAMUEL, R.L. and LOCKINGTON, N.A.s (1951), Metal Treatment and Drop
Forging, p.495 - 502,
38. HIMMEL, L., MEHL, R.F, and BIRCHENEL, C.E.; (1953), O.Metals, 5, p.827 - 643
39. DUNNINGTON, B.W,, BECK, F.H. and FONTANA, M.G.s (1952) Corrosion El, p.2 - 13
40, TYLECOATE, R.F.: (i960), 3.Iron and Steel Inst, 195, p.380 - 385,
41- TYLECOATE, R.F,: (i960) ibid 196, p.135 - 141.
42. BRUCE, D and HANCOCK,Ps (1969),3.Inst. Metals 97, p.140 - 154.
43- Handbook of Thermophysical Properties of Solid Materials (1961), _3,
. Ceramics, Permagon p.375 and p,665.
44. Private communication with the British Ceramic Research Association (1969)
45, BOROM, M.P, and PASK, 3,A«s (1968), 3,Am Ceramic Soc., 51, p.490 - 498.
45. RICHARDSON, F.D. and 3EFFES, 3.H.E.: (1948), 3, Iron and Steel Inst.160.0261
47. McMILLAN, P.W.: (1964), GlassvCeramics, Academic Press p.13,
48. GRUVER, R.M.s (1956),Glass Ind., p.77 - 101.
49. Welding Engineers (1969),^, p.48 « 49,
175
